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Introduction 


Prostate-Specific  Membrane  Antigen  (PSMA)  appears  to  be  an  ideal  prostate  cancer  marker  and 
potential  therapeutic  target,  however  there  have  been  reports  of  PSMA  expression  in  non¬ 
prostatic  tissues,  including  brain,  kidney  and  liver.  Such  expression  of  PSMA  could  weaken  the 
potential  of  the  gene  as  a  prostate  cancer  marker  or  at  least  produce  confusing  and  conflicting 
data.  Prior  to  the  onset  of  this  project,  we  had  demonstrated  that  there  was  another  human  gene, 
approximately  97%  identical  to  PSMA,  which  we  termed  the  PSMA-Like  gene.  Therefore  the 
first  aim  of  this  project  was  to  characterize  the  differences  between  the  non-prostatic  and 
prostatic  forms  of  PSMA  at  the  nucleic  acid,  protein,  and  functional  levels  and  to  determine 
strategies  to  specifically  target  PSMA  expressed  in  prostate  or  prostate  tumors.  The  second  aim 
of  the  project  was  to  define  the  minimal  regulatory  regions  of  the  PSMA  gene,  for  future 
utilization  in  gene  therapy  strategies,  by  analyzing  deletion  constructs  of  the  gene  regulatory 
regions  and  by  comparison  with  the  PSMA-Like  gene  regulatory  regions. 

Specific  Aim  1.  To  clone  and  sequence  the  “ PSMA-Like ’’  gene,  and  comparatively  analyze 
tissue  expression  and  function  of  the  PSMA  and  PSMA-Like  genes. 

As  described  in  my  first  report,  I  have  cloned  and  characterized  the  tissue  distribution  and 
enzymatic  activity  of  the  PSMA-Like  gene  (now  designated  FolhlB  by  Genbank;  accession 
number  AF261715).  The  genomic  sequence  of  the  PSMA  and  PSMA-Like  genes  is  97% 
identical,  however  the  PSMA-Like  gene  has  undergone  a  deletion  of  the  region  corresponding  to 
the  PSMA  promoter,  exon  one  and  part  of  intron  one.  Therefore,  the  PSMA-Like  gene  uses  an 
alternative  promoter  which  is  found  in  intron  five  of  the  gene.  Interestingly,  when  I  attempted  to 
develop  RNase  protection  assays  and  RT-PCRs  assuming  that  the  transcribed  region  of  intron 
five  in  PSMA-Like  would  differentiate  it  from  PSMA,  I  found  that  in  fact  PSMA  also  initiates 
transcription  from  this  promoter,  although  this  promoter  is  significantly  weaker  than  the  original 
PSMA  promoter.  I  was  able  to  distinguish  the  two  genes  using  RT-PCR  followed  by  restriction 
enzyme  digestion  and  using  this  method  determined  that  the  PSMA-Like  gene  is  expressed  in 
kidney  and  liver.  The  PSMA  gene  is  expressed  in  prostate,  prostate  cancer,  tumor 
neovasculature,  the  brain  and  small  intestine,  and  in  addition  we  see  PSMA  RNA  in  kidney  and 
liver.  The  cDNA  sequence  of  the  PSMA-Like  gene  is  1992  bp,  and  translation  predicts  a  protein 
of  443  amino  acids  or  49kD  in  size,  as  well  as  a  cytosolic  location  in  the  cell. 

Functional  Analysis  of  the  PSMA-Like  gene 

These  studies  have  been  somewhat  difficult.  Last  year,  I  reported  that  we  had  expressed  the 
PSMA-Like  gene  in  a  cell  line  and  shown  the  cell  line  gained  NAALADase  activity,  one  of  the 
enzymatic  activities  of  PSMA.  However  this  data  was  based  on  one  experiment,  which  I 
attempted  to  repeat  a  significant  number  of  times  before  publishing.  I  was  unable  to  repeat  this 
result.  In  addition,  I  was  unable  to  establish  stable  cell  lines  expressing  PSMA-Like,  although  I 
repeatedly  had  no  problem  establishing  stable  cell  lines  with  my  control  experiments  (vector 
alone  and  vector  containing  PSMA).  I  next  optimized  transient  transfections  of  PC3  cells  so  as 
NAALADase  activity  could  be  examined  after  transfection  of  a  PSMA  containing  vector. 
Repeatedly  I  was  unable  to  demonstrate  PSMA-Like  enzymatic  activity.  Western  blot  analysis 
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with  antibodies  against  PSMA  demonstrated  PSMA  protein  present  after  transient  transfection, 
but  was  not  able  to  show  PSMA-Like  protein.  This  could  be  because  antibodies  such  as  Cyt-351 
bind  to  the  N-terminus  of  PSMA  or  other  regions  that  are  missing  in  PSMA-Like.  Because  the 
amino-acid  differences  between  the  two  proteins  in  the  presumed  enzymatic  region  are  so  few,  it 
was  possible  that  folding  of  the  PSMA-Like  protein  was  affected  by  the  lack  of  a  transmembrane 
domain,  leading  to  loss  of  enzymatic  activity.  I  next  created  a  “hybrid”  molecule,  containing  the 
first  307  amino  acids  of  PSMA,  followed  by  all  of  PSMA-Like  (see  figure  1). 

Figure  1:  Diagrammatic  representation  of  the  PSMA/PSMA-Like  hybrid  molecule.  The  Cyt- 
351  antibody  binds  the  internal  domain  (int)  of  PSMA.  TM  refers  to  the  transmembrane  domain, 
enzyme  to  the  enzymatic  pocket.  A  indicates  the  first  307  amino  acids  of  PSMA,  B  indicates  the 
entire  protein  sequence  of  PSMA-Like,  together  they  form  the  hybrid. 


r  —  -  i  i'  i 

int  TM  enzyme 

Following  transient  transfection  into  PC-3  cells,  I  was  able  to  demonstrate  appropriate 
expression  of  the  PSMA/PSMA-Like  hybrid  molecule  via  western  analysis  using  the  Cyt-351 
antibody  which  binds  the  amino-terminal  of  PSMA.  Surprisingly,  this  construct  did  not  have 
NAALADase  activity.  This  is  surprising  as  PSMA  and  the  PSMA/PSMA-Like  only  differ  by 
nine  amino-acids.  Of  these,  six  are  similar  amino  acids.  In  addition,  these  six  amino  acids  that 
differ  are  all  found  in  at  least  one  of  the  other  species  for  which  NAALADase  homology  have 
been  cloned  (e.g.  rat,  mouse,  pig),  that  do  exhibit  NAALADase  activity  and  therefore  we  do  not 
think  these  changes  are  responsible  for  the  loss  in  activity.  Of  the  three  other  differences,  two 
are  found  near  the  zinc-ligand  binding  regions  of  the  enzyme,  and  also  the  glutamic  acid  that  is 
thought  to  be  necessary  for  catalysis.  These  changes  are: 

a.a.  398  isoleucine/threonine  (PSMA/PSMA-Like) 
a.a.  437  glutamic  acid/aspartic  acid  (PSMA/PSMA-Like) 

We  consider  that  these  changes  might  be  important  when  designing  drugs  to  inhibit  PSMA,  and 
therefore  are  testing  these  two  amino  acids  (individually)  by  site-directed  mutagenesis  to 
determine  if  the  changes  are  critical  to  the  enzymatic  activity  of  the  protein.  These  are  the  final 
experiments  we  plan  to  do  to  complete  specific  aim  one  of  the  project. 


Specific  Aim  Two.  To  define  the  minimal  promoter/enhancer  regions  of  the  PSMA  gene  and 
determine  the  specific  sequence  elements  responsible  for  activity. 

In  my  last  report  I  stated  that  the  DNA  sequence  in  the  PSMA-Like  gene  that  corresponds  to  the 
promoter,  exon  one  and  part  of  intron  one  of  the  PSMA  gene,  has  been  deleted.  As  such, 
PSMA-Like  uses  an  alternative  promoter  found  in  the  region  corresponding  to  intron  five  of  the 
gene.  This  promoter  is  entirely  different  to  the  PSMA  promoter.  The  enhancer  regions  of  the 
two  genes  however,  are  95%  identical.  If  the  PSMA-Like  enhancer  was  not  able  to  drive  activity 
in  prostate  cells,  we  could  use  the  differences  to  determine  the  critical  regions  for  activity  in  the 
PSMA  enhancer.  However,  we  found  that  in  combination  with  the  PSMA  promoter,  the  PSMA- 
Like  enhancer  was  in  fact  able  to  drive  prostate-specific  reporter  gene  activity,  with  over  80%  of 
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the  activity  of  the  PSMA  enhancer.  However,  in  collaboration  with  Dr.  Peter  Molloy’s 
laboratory  in  Australia,  we  were  able  to  determine  that  the  PSMA-enhancer  is  able  to  drive 
prostate-specific  expression  using  heterologous  promoters,  including  the  PSA  and  probasin 
promoters  which  are  prostate  derived  promoters,  and  the  non-tissue  specific  herpes  virus  TK 
promoter.  In  addition,  the  most  active  portion  of  the  PSMA  enhancer  is  a  331bp  region,  which, 
like  the  native  PSMA  gene,  is  upregulated  by  androgen  deprivation  (refer  to  attached 
manuscripts  by  O’Keefe  et  ah,  2000  and  Watt  et  al.,  2001). 

In  our  aim  to  design  a  gene  therapy  approach  against  prostate  cancer,  utilizing  the  PSMA 
enhancer,  I  last  reported  that  we  had  generated  such  a  vector.  The  vector  drives  the  E.coli 
Cytosine  deaminase  gene  and  we  were  able  to  demonstrate  cytotoxicity  of  this  vector  in  prostate 
cancer  but  not  control  cell  lines  treated  with  the  non-toxic  prodrug  5-fluorocytosine  (5-FC).  In 
collaboration  with  Dr.  Atsushi  Uchida,  a  clinical  fellow  whom  I  have  been  assisting  in  his 
research  training  in  the  lab,  we  were  able  to  show  that  treatment  with  this  vector  and  5-FC  in 
nude  mice  with  LNCaP-C42  prostate  cancer  cell  xenografts  resulted  in  significantly  smaller, 
necrotic  and  non-hemorrhagic  tumors  in  the  treatment  group  (see  figure  2;  in  press  in  Urology ). 
We  are  currently  attempting  to  improve  these  results  by  enhancing  the  activity  of  the  cytosine 
deaminase  “suicide”  gene. 

In  the  final  six  months  of  this  project,  l  am  assisting  a  Urology  resident  in  his  research  which 
will  examine  ways  of  improving  the  efficiency  of  transfer  as  well  as  activity  of  the  gene  therapy 
construct.  In  addition,  isolation  of  the  enhancer  binding  factors  necessary  for  activation  of  the 
PSMA-enhancer  still  remains  to  be  examined.  I  expect  this  part  of  the  project  to  be  particularly 
difficult,  as  from  my  experiments  with  deletion  constructs  of  the  PSMA  enhancer  (see  the 
attached  O’Keefe  et  al.,  2000),  there  seems  to  be  a  number  of  regions  over  a  1,648  nucleotide 
segment  of  DNA  that  provide  both  upregulation  and  down  regulation  of  our  reporter  gene. 

Key  Research  Accomplishments 

•  I  have  cloned  and  functionally  characterized  the  PSMA-Like  gene. 

•  I  have  identified  several  ways  of  differentially  targeting  the  PSMA  versus  the  PSMA- 
Like  gene  using  antibodies,  specific  primers  and  enzymatic  activity. 

•  In  collaboration,  we  have  shown  the  core  enhancer  region  of  the  PSMA  gene,  and 
demonstrated  that  it  is  upregulated  by  androgen  deprivation. 

•  I  have  shown  via  analysis  of  deletion  constructs  of  the  PSMA  enhancer  that  a  1 .648  kb 
region  (which  includes  the  core  region),  is  able  to  drive  expression  of  the  highest  activity 
of  the  luciferase  reporter  gene  in  vitro. 

•  I  have  generated  a  gene  therapy  construct  that  is  able  to  kill  prostate  cancer  cells  both  in 
vitro,  and  in  a  mouse  prostate  cancer  xenograft  model. 

•  I  have  identified  three  amino  acids  in  the  PSMA  protein  that  appear  to  be  either 
individually  or  in  concert  responsible  for  NAALADase  enzymatic  activity.  This  is  a 
finding  that  if  confirmed,  may  be  able  to  give  clues  as  to  the  best  region  of  PSMA  to 
target  with  small  molecule  inhibitors. 

Reportable  Outcomes 
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Queensland,  Australia  (a  satellite  meeting  of  the  International  Congress  in  Endocrinology). 

Other  Training  Accomplishments 

I  have  recently  been  promoted  to  Project  Scientist  in  the  Department  of  Cancer  Biology,  at  the 
Cleveland  Clinic  Foundation.  I  have  just  finished  assisting  one  clinical  research  fellow  in  his 
training  at  the  Clinic,  and  I  am  beginning  to  train  a  resident  from  the  Department  of  Urology  in 
his  research  year.  I  attended  an  international  conference  in  Australia,  on  Hormone  Dependent 
cancers.  This  allowed  me  to  see  the  objectives  of  research  not  only  carried  out  in  the  U.S.,  but 
also  overseas.  Interestingly,  there  are  significant  differences  in  how  different  cultures  approach 
this  research.  Also,  following  my  career  development  plan,  I  recently  applied  for  a  tenure-track 
assistant  professor  position  at  two  distinguished  cancer  centers,  and  am  shortly  planning  on  using 
the  research  described  in  this  proposal  as  a  basis  for  a  research  grant  aimed  at  developing  a  gene 
therapy  protocol  that  could  be  tested  in  humans  in  the  near  future. 

Personnel  receiving  compensation  from  this  award: 

Denise  S.  O’Keefe 


Conclusions 

This  project  set  out  to  determine  the  differences  in  sequence  and  function  of  the  PSMA  and 
PSMA-Like  genes.  PSMA  is  a  very  important  clinical  target  for  prostate  cancer,  and  the 
presence  of  another  highly  similar  gene  needed  to  be  investigated  to  maximize  the  utility  of 
PSMA  as  a  tumor  marker  and  target.  We  have  cloned  and  characterized  both  the  PSMA-Like 
gene  and  it  regulatory  regions,  and  carried  out  a  comparative  analysis  with  the  PSMA  gene.  We 
have  shown  that  antibodies  used  for  clinical  imaging,  such  as  the  cyt351  antibody  (Prostascint) 
will  not  cross-react  with  PSMA-Like  protein.  In  addition,  because  PSMA-Like  is  not  on  the 
surface  of  the  cell,  it  is  not  available  for  treatment  methods  designed  to  target  PSMA.  Clinical 
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tests  which  were  based  on  RT-PCR  of  PSMA  from  peripheral  blood  or  urine  could  be 
resurrected  using  oligonucleotide  primers  that  will  not  detect  the  PSMA-Like  gene.  Previously, 
it  was  thought  that  PSMA  transcripts  were  non-specifically  found  in  cells  isolated  from  blood 
and  urine,  with  no  clinical  relevance.  As  PSMA-Like  is  expressed  in  the  kidney,  it  is  especially 
likely  that  cells  expressing  PSMA-Like' could  escape  into  the  urine,  possibly  confounding  these 
results. 


The  second  part  of  this  project  is  essentially  aimed  at  defining  the  regulatory  regions  of  PSMA 
for  use  in  future  gene  therapy  constructs.  We  have  defined  the  best  region  of  the  enhancer  for 
prostate-specific  expression,  and  generated  a  gene  therapy  vector  that  combined  with  a  “suicide” 
gene  and  non-toxic  prodrug  therapy,  this  enhancer  is  able  to  kill  both  prostate  cancer  cells  in 
culture,  and  in  an  (immunodeficient)  mouse  model,  in  vivo.  Future  studies  are  aimed  at 
maximizing  the  suicide  gene  activity  by  genetically  enhancing  it,  and  also  on  delivery  methods 
that  could  be  used  in  humans  to  treat  prostate  cancer. 


Curriculum  Vitae 


Appendix 


Name: 

Date  of  Birth: 
Place  of  Birth: 
Home  Address: 
Home  Telephone: 
Office  Address: 


Denise  Susan  O’Keefe,  PhD. 

6th  June,  1969. 

Melbourne,  Australia 

6865  Amherst  Drive  #2203,  Sagamore  Hills,  Ohio  44067 
330  908  2067 

Box  ND-50,  Department  of  Cancer  Biology,  The  Lemer  Research  Institute,  The 
Cleveland  Clinic  Foundation,  9500  Euclid  Avenue,  Cleveland,  OH  44195. 


Tel#: 

Fax# 

E-mail: 


216-444-8106 

216-445-0610 

okeefed@ccf.org 


Education: 

1987-1989: 

1990: 

1991-1995: 


Bachelor  of  Science  awarded  by  La  Trobe  University,  Melbourne,  Australia.  Double 
major  in  Human  Genetics  and  Microbiology. 

Honors  degree  in  Genetics  and  Human  Variation  awarded  by  La  Trobe  University, 
Melbourne,  Australia. 

Doctorate  of  Philosophy,  in  the  Department  of  Hematology-Oncology,  the  Faculty  of 
Medicine,  at  The  Queen  Elizabeth  Hospital,  The  University  Of  Adelaide,  Adelaide, 
Australia.  The  degree  was  awarded  in  May,  1996. 


Training: 

1996- 1997:  Post-Doctoral  Fellow,  Department  of  Pathology,  Columbia  University  College  of 

Physicians  and  Surgeons,  New  York,  NY. 

1997-  1999:  Post-Doctoral  Fellow,  Department  of  Urology,  Memorial  Sloan-Kettering 

Cancer  Center. 

1999-  2000:  Research  Associate,  Department  of  Cancer  Biology,  The  Cleveland  Clinic 
Foundation. 

October  2000  -  present:  Project  Scientist,  Department  of  Cancer  Biology,  The  Cleveland 
Clinic  Foundation. 
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Scientific  and  Medical  Societies: 

Member  of  the  American  Association  for  Cancer  Research  (1997-present). 


Patent  Applications;  “DNA  Encoding  the  Prostate-Specific  Membrane  Antigen-Like  Gene  and  Uses  Thereof.” 

#D6230;  O’Keefe,  D.S.  and  Heston,  W.D.W.  (Domestic  &  International  Application). 
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3.  Dobrovic  A,  O'Keefe  DS,  Sage  RE,  Batchelder  E:  Imprinting  and  loss  of  ABO  antigens  in  leukemia 
(1993).  Blood  1684-1685. 
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8.  O'Keefe  D,  Dao  D,  Zhao  L,  Sanderson  R,  Warburton  D,  Weiss  L,  Anyane-Yeboa  K,  Tycko  B.  Coding 
mutations  in  p57KIP2  are  present  in  some  cases  of  Beckwith- Wiedemann  syndrome  but  are  rare  or 
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PL,  Nowak  NJ,  Shows  TB,  Mullins  C,  Vonder  Haar  R,  Fair  W,  Heston  WDW.  Mapping,  genomic 
organization,  and  promoter  analysis  of  the  human  prostate  specific  membrane  antigen  gene 
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oestrous  cycle  (1999).  Molecular  And  Cellular  Endocrinology,  147:  113-125. 

14.  Chang  SS,  O’Keefe  DS,  Bacich  DJ,  Heston  WDW,  Reuter  VE,  Gaudin  PB.  Prostate-Specific 
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Research,  5(10):2674-81. 
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Figure  2  (next  page) 

LNCaP-C42  xenograft  tumors  following  gene  therapy  treatment  utilizing  the  PSMA  promoter  and 
enhancer  driving  expression  of  the  E.coli  cytosine  deaminase  gene  in  a  Sense  or  Antisense  (negative 
control)  orientation,  with  or  without  5-fluorocytosine  treatment  (5-FC).  Parental  tumor  is  from  non-DNA 
treated  LNCaP-C42  cells. 

(a)  Macroscopic  appearance  of  tumors.  Tumors  on  the  upper,  the  middle,  and  the  lower  two  rows  are 
from  Group  1  (Parental  tumor,  5-FC),  Group  3  (Sense,  5-FC),  Group  4  (Sense,  saline),  respectively.  All 
tumors  in  Group  3,  (Sense,  5-FC)  showed  soft  and  whitish  tumors  without  hemorrhage,  whereas  majority 
in  the  other  groups  were  highly  hemorrhagic, 

Microscopic  appearance  of  representative  tumors  (HE  staining,  400X  original  magnification).  Tumors 
shown  in  (b),  (c),  (d),  and  (e)  are  from  Group  1  (Parental,  5-FC),  3  (Sense,  5-FC),  4(Sense,  saline)  and  6 
(antisense,  saline)  respectively.  Cancer  .cells  in  almost  the  whole  mass  from  Group  3  (Sense,  5-FC)  were 
eliminated  and  substituted  with  the  non-cellular  component  (hyaline  degeneration).  On  the  other  hand,  the 
other  tumors  showed  the  typical  findings  of  poorly  differentiated  adenocarcinoma  with  hemorrhage  (a), 
central  necrosis  (c),  and  fibrosis  (a),  (d). 
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Characterization  of  the  prostate-specific  membrane  antigen  like  gene 
O'Keefe,  DS*  and  Heston,  WDW 

Departments  of  Cancer  Biology  and  Urology,  The  Cleveland  Clinic  Foundation,  Cleveland,  OH  44195,  USA 

Prostate-Specific  Membrane  Antigen  (PSMA)  is  a  lOOkD  type  II  transmembrane  protein  with  folate  hydrolase 
and  NAALADase  activity.  PSMA  is  highly  expressed  in  prostate  cancer  and  the  vasculature  of  most  solid 
tumors,  and  is  currently  the  target  of  a  number  of  diagnostic  and  therapeutic  strategies.  However,  northern 
analyses  using  probes  directed  against  PSMA  have  shown  expression  of  PSMA  or  a  similar  gene  in  some 
non-prostatic  tissues,  including  brain.  We  recently  determined  the  PSMA  gene  was  subject  to  a  duplication 
even  22  MYA  and  that  a  gene  homologous  to  PSMA  resides  on  chromosome  1 1 q  14.3.  In  order  for  specific 
targeting  of  PSMA  for  clinical  and  therapeutic  methods,  it  was  necessary  to  clone  and  characterize  this  novel 
gene,  and  to  determine  which  of  the  two  PSMA-related  genes  is  expressed  in  various  tissues.  Although  the 
major  coding  regions  of  the  two  genes  are  97%  identical,  we  were  able  to  examine  the  mRNA 
tissue  distribution  pattern  of  the  two  genes  using  assays  that  specifically  distinguish  between  them.  The 
"PSMA-Like"  (PSMAL;  Genbank  accession  AF2617I5)  gene  is  expressed  in  kidney  and  liver,  but  not  in  the 
prostate.  We  have  also  been  able  to  show  that  the  PSMA  gene  and  not  the  PSMA-Like  gene  is  expressed  in 
tumor-associated  neovasculature.  The  different  expression  pattern  of  the  two  genes  is  not  surprising,  as  the 
promoter  region  of  PSMA  has  been  lost  from  the  duplication  event  that  formed  both  the  PSMA  and  PSMA- 
Like  genes.  Instead,  the  PSMAL  gene  utilizes  a  promoter  corresponding  to  a  region  from  within  intron  5  of 
the  PSMA  gene,  including  a  novel  exon.  As  such,  antibodies  such  as  Cyt-356  which  is  the  active  portion  of 
the  imaging  agent  Prostascint  specifically  detect  the  PSMA  gene.  The  PSMAL  gene  is  found  cytosolically, 
and  therefore  is  not  available  to  reagents  used  to  target  PSMA  expressed  on  the  outside  of  the  cell  membrane. 
However,  we  have  been  able  to  show  that  the  PSMAL  gene  also  possesses  the  same  NAALADase  enzymatic 
activity  as  the  PSMA  gene.  Interestingly,  NAALADase  activity  is  altered  in  Schizophrenia  Disorder  II 
patients,  and  the  PSMAL  gene  is  the  closest  known  gene  to  a  translocation  breakpoint  that  co-segregates 
with  Schizophrenia  in  a  large  Scottish  kindred.  A  second  useful  feature  of  the  PSMAL  gene  is  the  fact  that 
the  PSMA  prostate-specific  enhancer  region  was  also  subject  to  the  duplication  event.  The  two  "enhancer" 
regions  are  95%  identical,  however  the  PSMAL  enhancer  region  is  unable  to  increase  reporter  gene  activity 
when  in  combination  with  either  the  SV-40  or  PSMA  promoter.  This  finding  will  allow  us  to  more  quickly 
isolate  the  region(s)  in  the  PSMA  enhancer  responsible  for  prostate-specificity,  which  in  turn  will  aid 
production  of  gene  therapy  vectors  targeting  prostate  cancer. 
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Prostate-Specific  Suicide  Gene  Therapy  Using 
the  Prostate-Specific  Membrane  Antigen 
Promoter  and  Enhancer 

Denise  S.  O'Keefe,1  Atsushi  Uchida,1  Dean  J.  Bacich,1  Fujiko  B.  Watt,2 
Anna  Martorana,2  Peter  L.  Molloy,2  and  Warren  D.W.  Heston1'3* 

'George  M.  O’Brien  Urology  Research  Center,  Department  of  Cancer  Biology,  Lerner 
Research  Institute,  Cleveland  Clinic  Foundation,  Cleveland,  Ohio 
2CSIR0  Molecular  Science,  North  Ryde,  New  South  Wales,  Australia 
3Department  of  Urology,  Cleveland  Clinic  Foundation,  Cleveland,  Ohio 

BACKGROUND.  Prostate-specific  membrane  antigen  (PSMA)  is  abundantly  expressed  in 
virtually  100%  of  prostate  cancers  and  metastases.  In  addition,  unlike  prostate-specific  antigen 
(PSA),  PSMA  is  upregulated  under  conditions  of  androgen  deprivation.  Therefore,  PSMA  is 
an  attractive  therapeutic  target  for  advanced  prostate  cancer.  Recently,  both  the  promoter  and 
the  enhancer  driving  prostate-specific  expression  of  the  PSMA  gene  were  cloned.  We  describe 
here  our  analysis  of  the  PSMA  enhancer  for  the  most  active  region(s)  and  present  a  way  of 
using  the  enhancer  in  combination  with  the  E.  coli  cytosine  deaminase  gene  for  suicide-driven 
gene  therapy  that  converts  the  nontoxic  prodrug  5-fluorocytosine  (5-FC)  into  the  cytotoxic 
drug  5-fluorouracil  (5-FU)  in  prostate  cancer  cells. 

METHODS.  Deletion  constructs  of  the  full-length  PSMA  enhancer  were  subcloned  into  a 
luciferase  reporter  vector  containing  either  the  PSMA  or  SV-40  promoter.  The  most  active 
portion  of  the  enhancer  was  then  determined  via  luciferase  activity  in  the  C4-2  cell  line.  We 
then  replaced  the  luciferase  gene  with  the  E.  coli  cytosine  deaminase  gene  in  the  subclone  that 
showed  the  most  luciferase  activity.  The  specificity  of  this  technique  was  examined  in  vitro, 
using  the  prostate  cancer  cell  line  LNCaP,  its  androgen-independent  derivative  C4-2,  and  a 
number  of  nonprostatic  cell  lines.  The  toxicity  of  5-FC  and  5-FU  on  transiently  transfected  cell 
lines  was  then  compared. 

RESULTS.  The  enhancer  region  originally  isolated  from  the  PSMA  gene  was  approximately 
2  kb.  Deletion  constructs  revealed  that  at  least  two  distinct  regions  seem  to  contribute  to 
expression  of  the  gene  in  prostate  cancer  cells,  and  therefore  the  best  construct  for  prostate- 
specific  expression  was  determined  to  be  1,648  bp  long.  The  IC50  of  5-FC  was  similar  in  all  cell 
lines  tested  (>10  mM).  However,  transfection  with  the  1648  nt  PSMA  enhancer  and  the  PSMA 
promoter  to  drive  the  cytosine  deaminase  gene  enhanced  toxicity  in  a  dose-dependent  man¬ 
ner  more  than  50-fold,  while  cells  that  did  not  express  the  PSMA  gene  were  not  significantly 
sensitized  by  transfection. 

CONCLUSIONS.  Suicide  gene  therapy  using  the  PSMA  enhancer  may  be  of  benefit  to  pa- 
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tients  who  have  undergone  androgen  ablation  therapy  and  are  suffering  a  relapse  of  disease. 
Prostate  45:149-157,  2000.  ©  2000  Wiley-Liss,  Inc. 
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INTRODUCTION 

Prostate  cancer  is  the  second  leading  cause  of  can¬ 
cer  death  [1],  Although  the  most  recent  data  suggest 
that  the  incidence  of  death  from  this  disease  is  on  the 
decline  due  to  the  advent  of  the  prostate-specific  an¬ 
tigen  (PSA)  test  and  subsequent  early  intervention, 
once  a  patient  becomes  hormone-refractory,  there  are 
few  treatment  choices  available  [1].  One  approach  cur¬ 
rently  being  considered  is  prostate-specific  gene 
therapy  followed  by  prodrug  administration.  The  pro¬ 
drug  5-fluorocytosine  (5-FC)  is  converted  by  the  bac¬ 
terial  enzyme  cytosine  deaminase  (CD)  to  5-fluoroura- 
cil  (5-FU)  [2,3].  5-FU  has  already  been  used  for 
treatment  of  metastatic  prostate  cancer,  while  5-FC  is 
used  in  the  treatment  of  fungal  infections  and  is  non¬ 
toxic  to  humans.  Prostate-specific  membrane  antigen 
(PSMA)  is  highly  expressed  in  prostate  cancer  and 
normal  prostate  [4-6],  and  more  recently,  expression 
of  PSMA  was  observed  in  the  tumor-associated  neo¬ 
vasculature  of  nearly  all  solid  tumors  [7-10]. 

Expression  of  PSMA  or  a  "PSMA-Like"  gene  has 
also  been  seen  in  some  other  tissues  including  kidney, 
liver,  and  brain,  although  at  a  much  lower  level  than 
in  the  prostate  or  prostatic  carcinoma,  as  determined 
by  Northern  blot  analyses  [6]  (also  Bacich  et  al.,  un¬ 
published  observations).  Furthermore,  expression  of 
PSMA  is  upregulated  under  conditions  of  androgen 
deprivation,  which  makes  it  a  useful  marker  for  pa¬ 
tients  who  have  undergone  hormonal  ablation  [6].  Ac¬ 
cordingly,  PSMA  is  currently  being  used  as  a  thera¬ 
peutic  and  clinical  target  in  a  number  of  strategies 
against  prostate  cancer.  Recently,  our  group  cloned 
the  PSMA  promoter  and  an  enhancer  from  intron  3  of 
the  PSMA  gene  that  drives  prostate-specific  expres¬ 
sion  of  reporter  genes  [11-13].  To  further  our  aim  of 
generating  a  way  of  targeting  prostate  cancer  and  can¬ 
cer  metastases  using  gene  therapy,  we  designed  a  ge¬ 
netic  construct  that  places  expression  of  the  bacterial 
CD  gene  under  the  regulatory  control  of  the  PSMA 
promoter  and  enhancer. 

MATERIALS  AND  METHODS 
Cell  Culture 

The  prostate  cancer  cell  line  LNCaP,  the  breast  can¬ 
cer  cell  line  MCF-7,  colorectal  cancer  line  F1CT8,  and 
lung  cancer  cell  line  H157  were  obtained  from  the 


American  Type  Culture  Collection  (ATCC,  Rockville, 
MD).  The  androgen-independent  subline  of  LNCaP, 
C4-2,  was  purchased  from  UroCor  Laboratories  (Okla¬ 
homa  City,  OK).  LNCaP  and  HCT8  cells  were  grown 
in  RPMI-1640  (Life  Technologies,  Rockville,  MD)  con¬ 
taining  10%  fetal  bovine  serum  (FBS).  C4-2  and  MCF-7 
were  grown  in  DMEM  (Life  Technologies,  Rockville, 
MD)  containing  10%  FBS.  F1157  cells  were  grown  in 
RPMI-1640  with  2  mM  L-glutamine,  adjusted  to  con¬ 
tain  1.5  g/1  sodium  bicarbonate,  4.5  g/1  glucose,  10 
mM  HEPES,  and  1.0  mM  sodium  pyruvate  with  10% 
FBS.  All  cells  were  grown  in  the  absence  of  antibiotics. 

Cloning  of  Enhancer  Deletion  Constructs 

The  promoter  of  the  PSMA  gene  was  cloned  into 
the  pGL3-Basic  vector  (Promega,  Madison,  WI)  as  pre¬ 
viously  described,  to  form  pGL3-B-PSM  [11].  Deletion 
constructs  of  the  PSMA  enhancer  were  produced  us¬ 
ing  primers  with  an  artifically  incorporated  BamHl  re¬ 
striction  endonuclease  recognition  site.  The  following 
primer  sets  were  used  to  amplify  genomic  DNA 
NA1944  (Coriell  Cell  Repositories,  Camden,  NJ).  This 
DNA  was  derived  from  a  somatic  cell  hybrid  contain¬ 
ing  retaining  human  llpter->cen  translocated  to  a 
hamster  chromosome,  and  therefore  does  not  contain 
the  PSMA-like  gene.  PCR  was  carried  out  under  stan¬ 
dard  conditions.  Following  PCR,  the  resultant  prod¬ 
ucts  were  digested  with  BamHl  and  subjected  to  gel 
electrophoresis  followed  by  gel  purification.  The  gel- 
purified  products  were  cloned  into  pGL3-B-PSM  or 
pGL3-promoter  vector  (containing  the  SV-40  promoter 
and  no  enhancer;  Promega,  Madison,  WI),  which  had 
been  digested  with  BamHl  and  treated  with  alkaline 
phosphatase.  The  primer  sets  used  were:  S  14704  5' 
CGCGGATCCGCCTTCTAAAATGAGTTGGG  3', 
with  each  of  the  following  primers:  AS  15205  5'  CGC- 
GG  ATCCC  AAC  AT  AGTGG  A  ACC  ACGTC  3'  (501  bp), 
AS  15573  5'  CGCGGATCCTGAGAAAAGATTGC- 
CAACGC  3'  (869  bp),  AS  15994  5'  CGCGGATC- 
CATTAGGTTCCAAAGGAAGCC  3'  (1,290  bp),  AS 
16352  5'  CGCGGATCCGGCTACTACATAAG- 
TATAAGTC  3'  (1,648  bp),  and  AS  16617  5'  CGCCb 
GATCCATGACACCAAAGCTTTAGGG  3'  (1,913  bp). 
The  artifically  incorporated  BamHl  restriction  sites  are 
underlined. 
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Analysis  of  PSMA  Enhancer  Constructs 

Activity  of  the  PSMA  enhancer  constructs  was  de¬ 
termined  using  luciferase  as  a  reporter  gene  following 
transient  transfection.  C4-2  and  MCF-7  cells  were  used 
as  positive  and  negative  control  cells,  respectively,  to 
determine  activity  since  tissue  specificity  of  the  entire 
enhancer  region  has  already  been  demonstrated  [13]. 
The  day  before  transfection,  50,000  C4-2  and  75,000 
MCF-7  cells  were  plated  into  24-well  plates.  Cells  were 
then  transfected  with  400  ng  of  each  enhancer  con¬ 
struct,  using  Lipofectamine  Plus  Reagent  (Life  Tech¬ 
nologies),  according  to  the  manufacturer's  instruc¬ 
tions,  with  the  exception  that  the  DNA/lipofectamine 
complexes  were  allowed  to  remain  on  the  cells  over¬ 
night.  Approximately  40  hr  after  transfection,  cells 
were  harvested  and  analyzed  for  reporter  activity,  us¬ 
ing  the  Dual  Luciferase  Assay  Kit  (Promega).  All  ex¬ 
periments  were  carried  out  in  triplicate,  and  each  well 
was  cotransfected  with  100  ng  of  pBIND  (Promega), 
which  is  a  plasmid  carrying  the  Renilla  luciferase  gene 
under  the  control  of  the  SV-40  promoter  and  enhancer, 
to  control  for  transfection  efficiency. 

Cloning  of  the  Cytosine  Deaminase 
Gene  Construct 

The  plasmid  pCD  containing  the  cytosine  deami¬ 
nase  gene  from  £.  coli  was  kindly  provided  by  Dr.  I. 
Yoshimura  (Department  of  Urology,  National  Defense 
Medical  College,  Saitama,  Japan).  The  gene  was  modi¬ 
fied  to  possess  a  eukaryotic  translation  initiation  sig¬ 
nal.  The  luciferase  gene  in  the  enhancer  construct 
showing  the  most  reporter  gene  activity,  pGL3-B- 
PSM-Enhl648,  was  removed  by  restriction  enzyme  di¬ 
gestion  with  Xbal  and  replaced  with  the  CD  gene  from 
pCD  (the  1.5-kb  CD  gene  from  pCD  was  excised  using 
Xbal  and  Spe I  digestion).  Xbal  digestion  actually  re¬ 
moves  some  of  the  PSMA  promoter  sequence,  but  the 
removal  of  this  region  has  no  effect  on  promoter  ac¬ 
tivity  (O'Keefe  et  al.,  unpublished  observations).  Sub¬ 
sequent  clones  were  sequenced  to  determine  the  ori¬ 
entation  of  the  CD  gene  with  respect  to  the  PSMA 
promoter.  The  clones  used  for  the  following  experi¬ 
ments  were  named  pPSM/CD-sense  and  pPSM/ CD- 
antisense,  where  sense  and  antisense  refer  only  to  the 
direction  of  the  CD  gene. 

Cytotoxicity/Proliferation  Inhibition  Assay 

Initially,  the  cytotoxicity  of  5-FC  and  5-FU  in  non- 
transfected  cell  lines  was  examined.  Cells  (2.5  x  103 
C4-2,  H157,  and  HCT8,  and  4.0  x  104  LNCaP  and 
MCF-7  cells)  were  plated  in  triplicate  for  each  time 
point,  in  24-well  plates.  The  cells  were  then  exposed  24 


hr  later  to  various  concentrations  of  5-FC  (Sigma,  St. 
Louis,  MO)  or  5-FU  (Sigma).  Relative  cell  numbers 
were  assayed  after  3  days,  using  the  MTS  assay  (Cell 
Titer  96  AQueous,  Promega),  and  the  inhibitory  concen¬ 
tration  (IC50)  was  determined  by  figuring  the  concen¬ 
tration  at  which  the  cell  number  was  50%  of  the  num¬ 
ber  of  control  (untreated)  cells  grown  for  the  same 
length  of  time. 

Cytotoxicity  of  5-FC  on  Transiently 
Transfected  Cells 

The  cytoxicity  of  5-FC  on  cells  transiently  trans¬ 
fected  with  pPSM/CD-sense  or  pPSM/ CD-antisense 
or  liposome  only  was  determined.  Cells  were  plated  in 
24-well  plates  and  transfected  as  described  above. 
Transfection  efficiency  was  determined  by  in  situ  X- 
gal  staining  replica  wells  transfected  with  pSV-fl- 
galactosidase  (Promega).  Two  days  after  initiation  of 
transfection,  cells  were  exposed  to  various  concentra¬ 
tions  of  5-FC  for  3  days,  and  cell  viability  was  mea¬ 
sured. 


Enzymatic  Activity  of  Cytosine  Deaminase  in  the 
Transfected  Cells 

The  enzymatic  activity  in  the  cell  lysate  was  mea¬ 
sured  with  spectrophotometry  [14].  H157,  LNCaP, 
and  C4-2  cells  were  plated  in  a  100-mm  dish  and  pre¬ 
incubated  for  24-48  hr.  At  50%  confluency,  the  cells 
were  transfected  with  pPSM/CD-sense,  pPSM /CD- 
antisense,  or  pSV-p-galactosidase.  Two  days  after  ini¬ 
tiation  of  transfection,  the  cells  were  collected  and  pre¬ 
served  at  -20°C.  On  the  initial  day  of  the  assay,  110  pi 
of  PBS  were  added  to  each  cell  pellet.  Pellets  were  then 
sonicated  and  centrifuged  at  14,000g  at  4°C.  Ten  mi¬ 
croliters  of  each  supernatant  were  used  to  measure  the 
protein  concentration,  using  the  BCA  protein  assay 
(Pierce,  Rockford,  IL).  The  remaining  100  pi  of  cell 
lysate  were  added  to  900  pi  of  3  mM  5-FC  in  PBS.  The 
reaction  mixtures  were  incubated  at  37°C.  At  various 
time  points,  50  pi  of  each  aliquot  were  removed  and 
added  to  950  pi  of  0.1M  HC1.  The  concentration  of 
5-FC  was  measured  by  determining  the  absorbance  at 
290  nm  (A290)  and  255  nm  (A255).  The  concentration 
of  5-FC  was  calculated  as  follows: 

5-FC  (mM)  =  0.119  x  A290  -  0.025  x  A255  [14], 

The  enzymatic  unit  of  cytosine  deaminase  was  defined 
as  nmol  of  5-FC  catalyzed  per  min  per  mg  of  protein 
from  whole-cell  supernatant. 
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Fig.  I.  PMSA  promoter  and  promoter/enhancer-driven  expression  of  GFP  a:  PSMA  promoter  alone,  b:  PSMA  promoter  and  enhancer, 
driving  GFP  expression  in  LNCaP,  C4-2,  and  PC-3  (prostatic  cell  lines)  and  in  NIH  3T3  cells  (used  as  a  negative  control).  Addition  of  the 
PSMA  enhancer  to  the  PSMA  promoter  clearly  results  in  a  large  increase  in  GFP  reporter  expression  in  LNCaP  (magnification  x200,  30-sec 
exposure)  and  C4-2  (magnification  x400,  30-sec  exposure)  cells,  while  no  expression  is  seen  in  NIH-3T3  (magnification  x400,  60-sec 
exposure)  cells.  Note  the  fluorescence  of  the  promoter  alone  in  PC-3  (magnification  x400,  30-sec  exposure)  cells,  which  do  not  express 
PSMA. 


RESULTS 

PSMA  Promoter  and  Promoter/Enhancer-Driven 
GFP  Expression  in  Various  Cell  Lines 

Green  fluorescent  protein  (GFP)  expression  was 
used  to  compare  the  activity  of  the  PSMA  promoter 
with  that  of  the  PSMA  promoter  and  the  PSMA  en¬ 
hancer  that  was  identified  by  Watt  et  al.  [13].  These 
constructs  were  transiently  transfected  into  LNCaP, 
C4-2,  PC -3,  and  NIH-3T3  cell  lines,  and  the  cells  were 
examined  for  green  fluorescence  (see  Fig.  1).  Minimal 
GFP  expression  was  seen  in  LNCaP,  C4-2,  and  NIH- 
3T3  cells  with  the  promoter  alone,  though  PC-3  cells 
had  moderately  high  levels  of  GFP  expression  with 
the  PSMA  promoter  alone.  Addition  of  the  PSMA  en¬ 
hancer  to  the  construct  resulted  in  significantly  in¬ 
creased  levels  of  GFP  expression  in  the  LNCaP  and 
C4-2  cell  lines,  although  there  appeared  to  be  no  en¬ 


hancement  of  GFP  expression  in  the  PC-3  and  NIH- 
3T3  cells  over  that  seen  with  the  PSMA  promoter 
alone. 

Analysis  of  the  PSMA  Enhancer 

Reporter  plasmids  carrying  various  portions  of  the 
PSMA  enhancer  and  driven  by  either  the  PSMA  pro¬ 
moter  or  the  viral  SV-40  promoter  were  analyzed  for 
luciferase  expression  in  the  prostatic  cell  line  C4-2  and 
the  breast  cancer  cell  line  MCF-7.  The  entire  enhancer 
sequence  is  shown  in  Figure  2A,  as  well  as  the  con¬ 
structs  indicated  by  the  primer  positioning,  so  that  all 
deletions  were  made  progressively  from  the  3'  end  of 
the  enhancer  (see  Fig.  2B).  All  the  enhancer  deletion 
constructs  were  tested  with  the  enhancer  placed  in 
both  orientations  (downstream  of  the  luciferase  re¬ 
porter  gene)  with  respect  to  the  PSMA  or  SV-40  pro- 
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A 


(14704) 

CCT.TCTAAAA'-'  TGAGTTjGGGT  TTTTAATATT  TTCTGAAGTA 
AAACTCAAGG  AAAACCAGTT  GGCCTTGACT  CTGTTTGTGG 
ATATGACTAT  TTTACGTCAT  ATAAC AATTT  TTATTGTTTG 
ATAGAACAAT  TTTTATTGCT  TGATATATGA  CTTTATTGTT 
AGTCTTACTC  TGTCACCCAG  GCTGGAGTGT  AATGGCATGG 
TTCTTCCACC  TCAGCCTCCC  AAGTAGCTGG  GACTACAGGC 
AGACGTGGTT  CCACTATGTT  GGCCAGGCTG  ATCTCGAACT 
TGGGATTACA  GGCGTGAGCC  ATTGTGCCTG  GCCGATTTTT 
TAAAATGCAT  TTTCCATTTG  ATGTAAGCTT  TCAAATTTAT 
GTTCAGCGTC  TGTAGATGTG  CCTCTTTTTA  ATAAATAATA 
TTGAGAGGGA  TATGTCAAAT  TTACTAGTGT  ATCCAAAGAA 
TTTATATTTT  ATTAATTCTG  TTCTTGTTTT  ATAATTGC CT 
ATCCTCAGTA  GAATGCTTAA  CTTAT TGACA  TTCAGTCTTT 
CTTTAACTTC  CCTTTCCACT  TCAAC  TACAT  CTCACAAATT 
TTTTTAATTT  CTGTATTTTC  TTCTTTGATC  CTGCAACTAT 
TTGTTATTTG  TTTGATCTGA  TCTCTAAATT  GAATATATTG 
AATTGTTGAG?‘;GCTTGGTTTG-’GAACCTAATA  TGTGCTCAAT 
TTGATGGTTG  TTTGGTTTAA  TATTTTGTAT  TTGTACATTA 
CTTAATGTGC  TCTCTCATTT  TGTCTGCTTC  CTTTATTAAT 
GTCTGTTTTA  TACTATATAT  ATAAAATTTA  TAATTCCATA 
TAAACAGAAT  TGTTGATGAA  ATGACAGACT*;TATAGTTATG? 
GTCCTAAAAT  TTTTTTTAAT  TAATATTTGT  TTGGTATTTC 
CAGCTGATTT  TATTTAGACA  TGCTACGCTT  TTTAATTATT 
ATTTAGGTCA  CTTTTACCTT  CCTCTAGTGT  GAATTTTACT 


GGTTTTATTG  C AATTAAATT  ATTT  TTTCCT  TTAACCTTTC 
AAAATTTTAA  ACTACTGGTT  TAATTTCTTT  ATTGGTTGTA 
TTAAATGACT  TTATTGTTTG  TCATATGATA  ATTTTATGTC 
ATATGGCTAT  ACAACTAGAT  TTTTTTGTTG  TTTTTGACCG 
TCTCAGCTCA  CTGCAACCTC  CGCCTCCCGG  GTTCAAGCCA 
ATGAGCCACC  GCACCCGGCT  AATTTTTGTA  TTTTTAGTAG 
CCTGACCTTG  TAATCCACCC  GCCTCGGCCT  GCCAAAGTGC 
TAAAAAATGT  ATTCTTATGT  CAGTTTTCAT  AAGTTTTATT 
AGTATAGTTG  TTCCTAGTAT  TTTC  TTATCT  TTTGTAATCT 
TTATTTGTTT  GCGCTTTTGC  TATTTTTTTT  CTTATTGCTC 
TAAACTTTGG|feGTTGGGAAT»!:GrKETTGTGAT  CTATCTTTGC 
CTTTTATCTT  CTTTGTGTTT  ACTTTGCTGT  TCTTTGTAAA 
CTTCATTTCT  ACTATGAGTA  TTTAGAGCCA  TAAATTTCCC 
TGGATTAGGA  GTAGTTTAAT  TATC ATTAGT  ATCTAAATAT 
TTACAAGTAT  TTTTTAAAAT  CCTGAATATA  AAGATTGTTA 
AGATCAGATA  ATGTGGTTTG  TAGGACACTA  ATCCTTTGAC 
TTTTATAGAC  GTTCTGTGTT  TCTTTGGGAA  AAACATG TAT 
GTTTGAGTTT  GCTTATTATT  TGGCTGAAAT  CTCCATTATC 
TAGAGATAAA  T GTTAAATTA  TCTCACCTCA  CTATAGTGAT 
AATTTATGTT  ATGTATAATT  TGGAGACCTA  TTATCATATA 
•TAGTAGCCTT  TTTTATCTCG  TCATAATGTT  ATTTGACTTT 
TTTTTCAGCG  GGTTTATGTC  ACTGCTTGTC  AATTGGTACA 
CTTTTTTCCA  TTTTCATTTT  TTATAATTCT  GATATACAAT 
CTTCCTTTTT  T CCCCTAAA& ' OTTTGG.TGTG  ATA  (16617) 


B 


-  501  bp 


869  bp 
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1648  bp 


■M0 


1913  bp 


Fig.  2.  A:  PSMA  enhancer  sequence;  grey  arrows  indicate  positioning  of  primers  used  to  create  the  deletion  constructs.  Numbering 
refers  to  Genbank  accession  number  AF007544.  B:  Pictorial  representation  of  the  PSMA  enhancer  region  of  the  deletion  constructs. 


moter.  All  results  were  normalized  for  transfection  ef¬ 
ficiency,  and  the  mean  and  standard  deviation  of  the 
experiments  in  triplicate  were  expressed  as  a  percent¬ 
age  of  the  pGL3-control  (SV-40  promoter  and  en¬ 
hancer).  All  the  enhancer  deletions  were  able  to  drive 
prostate-specific  expression  of  luciferase  in  both  ori¬ 
entations,  although  with  varying  amounts  of  activity 
(see  Fig.  3).  The  most  active  constructs  were  the  pGL3- 
B-PSMA1648  and  pGL3-B-PSMA1290  plasmids,  which 
in  the  antisense  orientation  showed  approximately  20- 
fold  expression  over  the  pGL3-control  vector,  and  200- 
fold  over  the  PSMA  promoter  alone  in  C4-2  cells.  Con¬ 
versely,  when  the  same  constructs  were  transfected 
into  breast  cancer  MCF-7  cells,  the  enhancer  provided 
no  additional  activity  over  the  PSMA-promoter  alone. 
These  results  are  consistent  with  those  reported  for  the 
original  characterization  of  the  PSMA  enhancer  [13]. 
When  the  enhancer  constructs  were  driven  by  the  SV- 
40  promoter,  the  activity  of  each  deletion  was  consis¬ 
tent  with  that  seen  in  combination  with  the  PSMA 
promoter,  although  the  overall  activity  of  the  two 


best  constructs,  pGL3-B-PSMA1648  and  pGL3-B- 
PSMA1290,  was  increased  to  about  25-fold  of  that  of 
the  pGL3  control  vector  in  C4-2  cells.  However,  when 
the  SV-40  promoter  was  tested  with  the  enhancer  de¬ 
letions  in  MCF-7  cells,  these  same  two  constructs 
showed  up  to  20%  of  the  activity  of  the  pGL3-control. 
This  suggests  that  there  may  be  some  elements  of  the 
PSMA  promoter  itself  that  contribute  to  prostate- 
specific  expression.  Given  these  results,  we  next  took 
the  pGL3-B-PSMA1648  plasmid  and  replaced  the  lu¬ 
ciferase  reporter  gene  with  the  E.  coli  CD  gene  to  form 
pPSM/CD  (sense  or  antisense,  dependent  on  the  ori¬ 
entation  of  the  CD  gene  relative  to  the  PSMA  pro¬ 
moter). 

Cytotoxicity/Proliferation  Inhibition  of 
5-FU  and  5-FC 

In  order  to  determine  the  sensitivity  of  each  cell  line 
to  5-FU,  cytotoxicity/proliferation  inhibition  assays 
were  performed  (see  Fig.  4  and  Table  I).  The  IC50  of 
5-FU  for  all  cell  lines  was  similar,  ranging  between 
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PSMA  Promoter  and  Enhancer  Activity  in  C4-2  Cells 


SV40  Promoter  and  PSMA  Enhancer  Activity 
in  C4-2  Cells 


SV40  Promoter  and  PSMA  Enhancer  Activity 
in  MCF-7  Cells 


Fig.  3.  Deletion  analysis  of  the  PSMA  enhancer.  Luciferase  activity  after  normalization  for  transfection  efficiency,  expressed  as  percentage 
of  positive  control  (pGL3-control),  where  the  control  was  set  at  100%  activity.  Enhancer  deletions  are  indicated.  S,  enhancer  in  the  sense 
orientation  with  respect  to  the  promoter;  AS,  antisense  orientation.  Addition  of  PSMA  enhancer  to  either  the  PSMA  promoter  or  the  SV40 
promoter  resulted  in  a  significant  (up  to  300-fold)  increase  in  reporter  gene  expression  over  the  pGL3  control  vector  in  the  prostate  cancer 
cell  lines  C4-2  and  LNCaP,  while  minimal  expression  was  seen  in  breast  cancer  cell  line  MCF-7.  The  most  active  deletions  are  the  antisense 
1,648-bp  and  1,290-bp  constructs,  respectively. 


1-10  pM  according  to  several  independent  experi¬ 
ments.  Compared  to  5-FU,  5-FC  is  much  less  toxic  for 
all  cell  lines.  The  IC50  of  5-FC  for  all  cell  lines  was  over 
10  mM  (more  than  1,000  times  that  of  5-FU). 

Cytotoxicity/Proliferation  Inhibition  in  Transiently 
Transfected  Cells 

Transient  transfection  of  LNCaP  and  C4-2  cells  with 
pPSMA/CD-sense  resulted  in  sensitization  against 
5-FC.  In  C4-2  cells,  the  5-FC  at  200,  300,  and  400  pM 
inhibited  cell  growth  to  67%,  39%,  and  38%,  respec¬ 
tively,  compared  to  the  control  (nontransfected  cells 
without  5-FC).  The  IC50  of  5-FC  on  transfected  C4-2 
was  between  200-300  pM. 

Compared  to  the  IC50  of  nontransfected  cells  (>10 
mM),  C4-2  was  sensitized  nearly  40-fold  by  transfec¬ 
tion  with  pPSMA/CD-sense.  It  should  be  noted  that 


the  transfection  efficiency  of  C4-2  cells  was  only  8%  as 
determined  by  X-gal  staining,  and  exposure  to  5-FC 
was  only  3  days.  The  enhanced  cytotoxic  effect  of  5-FC 
was  also  noted  in  LNCaP  cells  when  transfected  with 
the  pPSMA/CD-sense  plasmid.  However,  the  sensiti¬ 
zation  in  LNCaP  cells  (IC50  1-5  mM),  was  not  as  great 
as  that  in  C4-2  cells.  This  could  be  because  LNCaP 
cells  are  less  sensitive  to  5-FU  treatment  (see  Table  I), 
probably  due  to  genetic  differences  between  the  two 
cell  lines.  Another  cause  could  be  that  the  recovery 
period  of  LNCaP  after  transfection  is  much  longer 
than  that  of  C4-2.  Therefore,  there  is  less  chance  of 
LNCaP  cells  incorporating  5-FU  as  their  cell  cycle  is 
longer.  In  H157,  HCT8,  and  MCF-7  cells,  there  was  no 
significant  difference  in  cell  numbers  between  those 
transfected  with  pPSMA/CD  sense  and  antisense  con¬ 
structs,  demonstrating  the  specificity  of  the  PSMA 
promoter/enhancer  construct  for  prostate  cells. 


Concentration  (|xM) 


Concentration  (fiM) 


H-157  Cells 


HCT*8  Cells 


Concentration  (^M) 


Concentration  (^M) 


MCF-7  Cells 


Concentration  (jiM) 

Fig.  4.  Determination  of  IC50  of  5-fluorocytosine  (5-FC)  and  5-fluorouracil  (5-FU)  in  nontransfected  cells,  and  cells  transfected  with  both 
sense  and  antisense  cytosine  deaminase,  driven  by  the  PSMA  promoter  and  the  1,648-bp  enhancer  from  the  PSMA  gene.  The  vertical  line 
dropped  from  the  50%  horizontal  indicates  the  IC50.  It  can  be  seen  that  transfection  with  the  sense  cytosine  deaminase  construct  sensitizes 
LNCaP  and  C4-2  cells  significantly  to  5-FC  treatment,  while  the  nonprostatic  cell  lines  H- 1 57,  HCT -8,  and  MCF-7  are  not  sensitized  to  5-FC, 
demonstrating  the  specificity  of  this  approach  for  prostate  cancer. 

Cytosine  Deaminase  Enzymatic  Activity  in  the  lysate  showed  an  enzymatic  activity  of  2.4, 1.6,  and 

Transfected  Cells  0.7  nmol/min/mg  protein,  respectively  (data  not 

shown).  The  enzymatic  activity  in  the  lysate  of  cells 
The  cytosine  deaminase  activity  in  C4-2  cell  lysate  transfected  with  pPSM/ CD-antisense  plasmid,  as  well 

was  dependent  on  transfection  efficiency.  When  5%  as  H157  transfected  with  the  pPSM/CD  sense  con- 

and  1%  of  C4-2  and  5%  of  LNCaP  cells  in  a  100-mm  struct,  did  not  show  any  detectable  enzymatic  activity 

dish  were  transfected  with  pPSM/CD-sense  plasmid,  of  cytosine  deaminase. 


TABLIj/l.  Comparison  of  Sensitivity  to  5-Fluorouracil  (5-FU)  and  5-Fluorocytosine  (5-FC)  in  Each  Cell  Line* 


Cell  line 

/ 

Tissue 

origin 

PSMA 

expression 

ICTO  5-FU 
(pM) 

IC50  5-FC 
parental 

(pM) 

IC,0  5-FC 
PSMA /CD 
(pM) 

Ratio 

ic50 

of  5-FC 
(parental)/ 
PSMA/CD) 

Transfection 
efficiency  (%) 

C4-2 

Prostate 

+ 

1-5 

15,000 

200-300 

>50 

8 

LNCaP 

Prostate 

+ 

1-10 

15,000 

1,000-2,000 

10 

5 

H-157 

Lung 

- 

1-10 

>20,000 

>10000 

<2 

10 

HCT-8 

Colon 

- 

1-5 

20,000 

>15000 

<2 

6 

MCF-7 

Breast 

- 

1-5 

10,000 

>10000 

<2 
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"The  inhibitory  concentration  50%  (IC50)  of  5-FU  and  5-FC  in  all  cell  lines  was  very  similar.  However,  when  cells  were  transfected  with 
the  pPSMA/CD-sense  plasmid,  C4-2  and  LNCaP  cells  were  sensitized  to  5-FC,  50-  and  10-fold  more,  respectively,  than  the  parental 
nontransfected  cells,  whereas  the  other  nonprostatic  cells  were  not  significantly  sensitized.  Note  that  sensitization  was  achieved  with 
only  8%  transfection  efficiency  in  C4-2  cells. 


DISCUSSION 

Gene  therapy  is  in  the  process  of  becoming  an  ac¬ 
ceptable  treatment  method  for  patients  for  whom 
there  is  no  other  effective  treatment.  Control  of  drug 
activation  using  prodrug  therapy  in  combination  with 
gene  therapy  is  theoretically  a  way  of  staging  a  maxi¬ 
mal  attack  on  the  targeted  tumor,  while  controlling 
cytotoxicity  to  noncancerous  tissue.  To  date,  the  two 
promoter /enhancers  most  often  considered  for  use  in 
prostate-specific  therapy  have  been  those  of  the  rat 
probasin  gene,  and  the  human  PSA  gene.  Both  of  these 
promoter/enhancers  are  positively  regulated  by  an¬ 
drogens,  and  therefore  would  be  of  little  use  to  pa¬ 
tients  who  are  undergoing  androgen  ablative  therapy 
[15,16],  However,  the  PSMA  gene  is  upregulated  in 
the  absence  of  androgens  and  is  highly  expressed  in 
virtually  all  tumors  and  their  metastases  examined  so 
far.  As  such,  we  chose  to  use  regulatory  elements  from 
the  PSMA  gene  to  develop  a  construct  that  could  be 
used  to  control  expression  of  a  "suicide  gene"  in  a 
gene  therapy  approach  against  this  disease.  We  re¬ 
cently  cloned  the  promoter  of  the  PSMA  gene,  which 
is  able  by  itself  to  drive  prostate-specific  expression  of 
a  reporter  gene;  albeit  at  relatively  low  levels  [11]. 
More  recently,  we  isolated  a  prostate-specific  en¬ 
hancer  from  the  third  intron  of  the  gene,  which  is 
upregulated  in  the  absence  of  androgens  [13].  Addi¬ 
tion  of  the  full-length  enhancer  to  the  PSMA  promoter 
in  a  reporter  construct  results  in  approximately  a  100- 
fold  increase  in  expression.  These  data  demonstrate 
that  the  enhancer  retains  full  activity  when  positioned 
downstream  of  the  gene;  previous  results  were  ob¬ 
tained  with  the  enhancer  upstream  of  the  promoter 
[13].  As  the  full-length  enhancer  had  not  been  tested  in 
C4-2  cells,  we  initially  compared  its  ability  to  drive  the 
GFP  reporter  gene  in  a  number  of  cell  lines.  While  the 
enhancer  clearly  shows  a  significant  increase  in  activ¬ 


ity  over  the  PSMA  promoter  alone  in  LNCaP  and  C4-2 
cells,  we  were  surprised  to  see  more  activity  of  the 
PSMA  promoter  alone  in  PC-3  cells  than  in  either 
LNCaP  or  C4-2.  PC-3  cells  do  not  express  PSMA;  how¬ 
ever,  expression  of  the  PSMA  promoter  would  suggest 
that  while  the  transcription  factors  necessary  to  drive 
the  promoter's  expression  are  available  in  PC-3  cells, 
there  is  some  kind  of  defect  in  the  PSMA  promoter  in 
these  cells.  Such  a  defect  might  be  due  to  homozygous 
deletion  or  methylation  of  the  PC-3  PSMA  promoter. 
In  addition,  the  enhancer  did  not  seem  to  significantly 
increase  expression  over  the  promoter  alone  in  PC-3 
cells.  This  may  be  due  to  a  number  of  reasons,  e.g.,  the 
factors  involved  in  upregulation  via  the  enhancer  are 
not  present  in  PC-3  cells,  and  fluorescence  microscopy 
is  less  quantitative  than  luciferase  assays. 

Interestingly,  analysis  of  the  deletion  constructs  re¬ 
vealed  that  there  appear  to  be  at  least  two  distinct 
positive-regulatory  regions  within  the  enhancer  re¬ 
gion,  as  the  smallest  construct  (501  bp)  still  exhibited 
more  than  a  50-fold  increase  in  expression  over  the 
promoter  alone.  However,  the  most  active  constructs 
were  clearly  the  1,648-bp  and  1,290-bp  fragments, 
which  showed  a  175-  to  more  than  200-fold  increase  in 
expression  over  the  PSMA  promoter  alone.  As  this  is 
more  than  the  entire  enhancer,  it  would  suggest  that 
there  may  be  a  negative  regulator  between  nt  1648  and 
1913  of  the  originally  defined  enhancer  region.  The 
identity  of  either  of  the  positively  or  negatively  regu¬ 
lating  elements  is  unclear,  as  there  are  no  consensus 
enhancer  elements  present  in  the  PSMA  enhancer  se¬ 
quence.  There  also  appeared  to  be  an  effect  of  the 
orientation  of  the  enhancer  with  respect  to  the  pro¬ 
moter.  While  all  the  constructs  showed  significantly 
increased  activity  over  both  the  SV-40  control  and  the 
PSMA-promoter  alone,  the  constructs  with  the  en¬ 
hancer  in  the  antisense  orientation  with  respect  to 
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their  orientation  in  the  native  PSMA  gene  seemed  to 
have  significantly  more  activity,  and  the  reason  for 
this  is  unknown. 

We  tested  the  most  active  PSMA-promoter/ 
enhancer/CD  gene  construct  in  vitro  using  a  transient 
transfection  approach,  because  it  probably  most  re¬ 
sembles  the  principal  problem  with  genetic  therapy  at 
the  present  time,  i.e.,  delivery  of  the  vector  to  the  tar¬ 
get  tissue.  One  advantage  of  the  cytosine  deaminase/ 
5-FC  therapy  approach  is  the  bystander  effect,  in 
which  cells  close  to  the  actual  cell  producing  the  en¬ 
gineered  enzyme  (in  this  case  CD)  are  affected  by  the 
converted  prodrug  and  destroyed.  All  results  in  this 
study  were  normalized  for  transfection  efficiency,  so 
that  a  logical  comparison  could  be  made  between  the 
different  cell  lines.  However,  even  with  the  average 
transfection  efficiency  of  C4-2  cells  of  around  8%,  sig¬ 
nificant  conversion  of  5-FC  to  5-FU  and  subsequent 
cell  death  were  seen.  Transfection  with  the  suicide 
construct  sensitized  C4-2  cells  to  5-FC  nearly  40-fold, 
with  an  IC50  of  between  200-300  gM.  The  usual  oral 
dose  of  5-FC  for  fungal  treatment  in  humans  is  37.5 
mg  per  kg  body  weight  every  6  hr,  which  results  in 
peak  serum  concentrations  of  540-620  |xM  in  adults. 
The  specificity  of  this  method  was  shown  by  the  lack 
of  sensitization  to  5-FC  by  transfection  in  the  breast-, 
colon-,  and  lung-derived  cell  lines.  However,  it  still 
remains  to  be  determined  if  this  enhancer  is  active  in 
other  tissues  in  vivo  where  PSMA  is  reportedly  ex¬ 
pressed.  Other  enhancers  could  be  responsible  for  this 
nonprostatic  expression,  or  the  expression  might  be 
due  to  activation  of  another  gene  such  as  the  PSMA- 
like  gene.  Furthermore,  it  will  be  important  to  deter¬ 
mine  if  this  PSMA  enhancer  is  responsible  for  the 
expression  of  PSMA-protein  seen  in  tumor  neovascu¬ 
lature  [10],  as  this  would  provide  a  much  wider  use 
for  gene  therapy  constructs  utilizing  the  PSMA  regu¬ 
latory  control  regions  described  here.  We  are  attempt¬ 
ing  to  answer  both  of  these  questions,  in  part  by  gen¬ 
erating  a  transgenic  mouse  model  carrying  the  human 
PSMA  promoter  and  full-length  enhancer-driving  ex¬ 
pression  of  green  fluorescent  protein. 

CONCLUSIONS 

We  have  identified  the  PSMA  promoter  and  en¬ 
hancer  regulatory  regions  responsible  for  the  strong 
expression  of  PSMA  in  prostate  tumor  cells  such  as 
LNCaP  and  C4-2.  Furthermore,  we  have  demon¬ 
strated  that  this  PSMA-promoter/ enhancer  construct 
is  capable  of  selectively  driving  expression  of  thera¬ 
peutic  genes,  and  we  are  exploring  which  gene  or 
genes  would  be  most  useful  along  with  ways  to  in¬ 
crease  the  effectiveness  of  vector  delivery  to  the  tumor 
or  metastatic  site.  Suicide  gene  therapy  for  prostate 


cancer  using  the  PSMA  promoter  and  enhancer  holds 
promise  for  the  treatment  of  prostate  cancer. 
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1.  INTRODUCTION 

The  molecular  basis  of  prostate  carcinoma  has  always  been  less  understood  than  that 
of  other  cancers,  despite  its  high  incidence  in  the  population.  One  of  the  reasons  for  this 
is  that  the  molecular  pathways  leading  to  prostate  cancer  do  not  seem  to  parallel  that  of 
other  cancers,  and  until  recently  there  have  been  few  markers  for  this  tumor.  One  of  the 
most  exciting  recent  findings  in  prostate  cancer  was  the  discovery  of  prostate  specific 
membrane  antigen  (PSMA).  PSMA  is  a  glutamate  carboxypeptidase  that  switches 
from  a  cytosolically  located  protein  in  the  normal  prostate  to  a  membrane-bound  pro¬ 
tein  in  prostatic  carcinoma.  The  majority  of  PSMA  expression  appears  to  be  restricted 
to  the  prostate,  with  some  expression  seen  in  the  brain,  salivary  glands,  and  small  intes¬ 
tine.  Intriguingly,  our  group  recently  found  that  PSMA  is  expressed  in  the  endothelial 
cells  of  the  neovasculature  of  nearly  all  solid  tumors  examined.  The  membrane-bound 
nature  of  this  protein — and  the  limited  sites  of  expression  as  well  as  expression  in 
tumor-associated  neovasculature — makes  PSMA  an  ideal  marker  and  therapeutic  tar¬ 
get  for  clinical  studies  and  treatment  of  not  only  prostate  cancer,  but  of  other  solid 
tumors  as  we  progress  into  the  21st  century. 

2.  THE  DISCOVERY  OF  PSMA 

The  antigen  itself  was  discovered  by  Horoszewicz  et  al.  (28),  who  isolated  LNCaP 
cell  membranes  and  immunized  mice  with  the  mixture,  producing  the  antibody  known 
as  7E11C5.3.  The  LNCaP  cell  line  is  derived  from  a  Lymph  Node  metastasis  from  a 
Carcinoma  of  the  Prostate,  and  is  considered  the  most  relevant  of  the  few  prostatic  cell 
lines  available,  because  it  retains  expression  of  prostate  specific  antigen  (PSA),  pro¬ 
static  acid  phosphatase  (PAP)  and  the  androgen  receptor,  among  other  characteristics 
typical  of  human  prostate  cancers  in  vivo  (23,25,29,30).  Characterization  of  the  anti¬ 
body  revealed  that  it  specifically  bound  epithelial  cells  of  normal  prostate,  benign  pro¬ 
static  hypertrophy  (BPH),  and  prostatic  carcinoma  specimens,  making  PSMA  an 
attractive  prostate-specific  marker  (28).  The  rights  to  the  7E1 1C5.3  antibody  were  then 
bought  by  a  biotechnology  company  called  Cytogen  Corporation  (Princeton,  NJ). 

Cytogen  modified  the  antibody  so  that  it  could  be  labeled  with  11 'Indium  while 
retaining  its  specificity,  and  renamed  it  Cyt-356.  The  radiolabeled  antibody  was  then 
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administered  to  nude  mice  carrying  tumors  established  from  the  LNCaP  cell  line.  After 
3  d,  30%  of  the  injected  dose  had  localized  to  the  LNCaP  xenograft,  with  no  significant 
amounts  found  in  other  tissues  (42).  This  occurred  despite  the  fact  that  the  same  inves¬ 
tigators  had  noted  that  immunohistochemical  staining  using  this  modified  antibody 
against  normal  human  tissues  showed  weak  reactivity  with  cardiac  muscle,  proximal 
kidney  tubules,  and  sweat  glands.  There  was  also  strong  binding  to  a  subset  of  skeletal 
muscle  cells.  A  phase  I  clinical  study  using  radiolabeled  Cyt-356  as  an  imaging  agent 
for  metastatic  deposits  was  then  carried  out  in  patients  with  prostate  cancer  and  known 
distant  metastases  (78).  No  adverse  affects  of  the  agent  were  noted  in  the  patients,  and 
the  results  showed  promise  for  use  of  the  immunoconjugate  as  an  imaging  agent.  At 
this  stage  it  was  clear  that  a  deeper  understanding  of  the  molecular  basis  and  function 
of  PSMA  expression  in  prostate  cancer  was  needed. 

3.  CLONING  AND  EXPRESSION  PATTERN  OF  PSMA 

The  complementary  DNA  (cDNA)  sequence  encoding  PSMA  was  cloned  in  1993 
using  a  classic  textbook  approach  (33).  The  monoclonal  antibody  Cyt-356  was  used  to 
immunoprecipitate  PSMA  from  LNCaP  cell  membranes,  and  the  protein  was  then  elec- 
trophoresed  on  and  isolated  from  a  polyacrylamide  gel.  PSMA  was  then  subjected  to 
proteolytic  digestion  and  the  subsequent  peptide  fragments  were  microsequenced 
to  determine  their  amino  acid  composition.  Based  on  the  amino  acid  sequence,  degen¬ 
erate  oligonucleotide  primers  were  designed  that  could  theoretically  amplify  the  PSMA 
cDNA  sequence  from  LNCaP  reverse-transcribed  mRNA.  The  resulting  PCR  product 
was  cloned  and  used  to  probe  a  LNCaP  cDNA  library  and  isolate  the  full-length  PSMA 
transcript  of  2653  nucleotides  (the  sequence  can  be  found  in  Genbank  under  the  acces¬ 
sion  number  M99487). 

Translation  of  the  cDNA  sequence  predicted  that  the  protein  consists  of  750  amino 
acids  with  a  molecular  wt  of  84  kDa  before  posttranslational  modifications  (33).  It  was 
later  shown  that  in  vitro  translation  of  the  PSMA  cDNA  sequence  with  and  without  dog 
pancreatic  microsomal  membranes  (which  permit  glycosylation  of  proteins  to  occur  in 
vitro)  produces  proteins  of  100  and  84  kDa,  respectively.  This  is  consistent  with  the 
100  kDa  molecular  wt  of  PSMA  seen  in  LNCaP  cells  (32).  PSMA  is  a  Type  11  integral 
membrane  protein,  and  as  such  the  short  N-terminal  of  the  protein  is  located  on  the 
cytoplasmic  side  of  the  membrane,  with  the  majority  of  the  protein  located  on  the 
extracellular  side  of  the  membrane,  making  it  available  for  clinical  and  therapeutic 
targeting  (33).  Northern  analyses  using  the  PSMA  cDNA  probe  and  ribonuclease  pro¬ 
tection  assays  using  a  probe  corresponding  to  nucleotides  242-588  of  the  PSMA  cDNA 
sequence  showed  no  expression  of  PSMA  mRNA  in  the  prostatic  cell  lines  PC-3  and 
DU  145,  and  no  expression  in  normal  tissues  from  kidney,  liver,  lung,  mammary  gland, 
pancreas,  placenta,  skeletal  muscle,  spleen,  and  testis.  However,  there  was  high 
expression  in  normal  prostate  and  prostatic  carcinomas,  and  barely  detectable  expres¬ 
sion  in  salivary  gland,  whole  brain,  and  small  intestine.  Expression  of  PSMA  mRNA  in 
BPH  specimens  was  either  reduced  relative  to  that  of  normal  prostate,  or  absent  alto¬ 
gether  (32),  which  is  most  likely  an  indication  of  the  major  cell  type  that  constitues 
BPH  (stromal  cells  that  do  not  express  PSMA),  rather  than  a  biologic  phenomenon. 
Interestingly,  our  group  and  others  recently  found  that  PSMA  is  expressed  in  the 
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endothelial  cells  of  neovasculature  associated  with  almost  all  solid  tumors,  but  not  in  nor¬ 
mal  vasculature  (40,61 ).  Immunohistochemistry  using  five  different  antibodies  against 
PSMA  has  confirmed  this,  as  have  in  situ  hybridization  and  RT-PCR  results  (8,9).  In 
fact,  the  only  tumor  which  does  not  seem  to  consistently  express  PSMA  in  the  associated 
vasculature  is  that  of  the  prostate  (2/12  prostate  cancer  specimens  expressed  PSMA  in 
the  vasculature),  perhaps  providing  a  clue  to  the  function  of  PSMA  in  these  cells  (9). 

As  PSA  expression  is  modulated  by  androgens,  Israeli  et  al.  examined  the  effect  of 
various  steroids  on  PSMA  expression  in  LNCaP  cells  (32).  In  contrast  to  PSA  expres¬ 
sion,  PSMA  is  downregulated  in  the  presence  of  androgens,  with  the  highest  amount  of 
PSMA  expressed  in  LNCaP  cells  grown  in  charcoal-stripped  (and  therefore  steroid- 
reduced)  media.  This  finding  was  later  supported  both  in  vitro  in  LNCaP  cells,  and  in 
vivo  by  Wright  et  ah,  (76),  who  found  that  in  55%  (1 1  of  20)  and  100%  (4  of  4)  primary 
and  metastatic  tumor  specimens,  PSMA  expression  was  significantly  upregulated  in 
patients  who  had  undergone  some  form  of  hormonal  deprivation,  relative  to  matched 
specimens  from  the  patients  before  treatment.  These  findings  are  particularly  signifi¬ 
cant,  because  of  the  implication  that  PSMA  can  be  a  highly  useful  clinical  and  thera¬ 
peutic  target  for  patients  with  recurrent  disease. 

4.  REGULATION  OF  PSMA  EXPRESSION:  CLONING 

OF  THE  PSMA  PROMOTER  AND  ENHANCER 

To  obtain  more  information  about  the  genetic  regulation  of  PSMA  expression,  we 
set  out  to  determine  the  complete  sequence  of  the  gene.  A  bacteriophage  PI  library 
containing  fragments  of  DNA  from  normal  human  lymphocytes  approx  60-80  kb  in 
size  was  screened  using  PCR.  Two  sets  of  oligonucleotide  primers  were  used — one  set 
corresponding  to  the  5'  end  of  the  PSMA  cDNA  sequence,  and  one  set  corresponding 
to  the  3'  end  of  the  sequence.  The  advantage  of  this  method  of  screening  was  that  the 
gene  spanned  more  than  60  kb  of  DNA,  and  two  PI  clones  that  overlapped  by  about 
5.6  kb  had  to  be  analyzed  to  acquire  the  entire  sequence  (50). 

Comparison  of  the  genomic  and  cDNA  sequences  of  the  PSMA  gene  revealed  19  exons 
ranging  in  size  from  64  to  379  nucleotides,  and  18  introns  from  300  to  7363  base  pairs 
(Fig.  1).  The  entire  genomic  sequence  of  the  gene  can  be  found  in  Genbank,  under 
accession  number  AF007544.  One  of  the  most  striking  features  of  the  genomic 
sequence  was  the  presence  of  a  CpG  island  at  the  5'  end  of  the  gene.  From  nucelotides 
2661-2990  of  the  genomic  sequence — which  extends  from  exon  1  into  the  first  intron 
of  the  gene — the  observed/expected  ratio  of  the  CpG  dinucleotide  was  1.85,  which  is 
significantly  greater  than  the  ratio  for  bulk  human  DNA  (0.25)( 1,50).  CpG  islands  are 
substrates  for  DNA  methyltransferase,  and  the  presence  of  a  CpG  island  in  the  5'  region 
of  the  PSMA  gene  suggests  a  role  for  DNA  methylation  in  the  regulation  of  PSMA 
expression. 

Once  we  had  the  genomic  sequence  of  the  5'  portion  of  the  gene,  we  were  able  to 
clone  the  promoter  controlling  transcription  of  PSMA  mRNA.  To  confirm  the  tran¬ 
scription  start  site  indicated  by  the  initial  PSMA  cDNA  sequence  (33),  we  carried  out 
5'  Rapid  Amplification  of  cDNA  Ends  (5'  RACE).  5'  RACE  is  a  form  of  PCR  that  uses 
one  primer  based  in  the  known  cDNA  sequence  of  the  gene,  and  one  primer  that  binds 
to  5'  ends  of  all  mRNA  transcripts.  Thus,  only  one  primer  is  specific  to  the  gene  of 
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1  ct  caaaaggg  gccggatttc  cttctcctgg  aggcagatgt  tgcctctctc  tctcgctcgg  attggttcag  tgcactctag  aaacactgct 

91  gtggtggaga  aactggaccc  caggtctgga  gcgaattcca  gcctgcaggg  ctgataagcg  aggcattagt  gagattgaga  gagactttac 

181  cccgccgtgg  tggttggagg  gcgcgcagt  a  gagcagcagc  acaggcgcgg  gtcccgggag  gccggctctg  ctcgcgccga  g ATGTGGAAT 

2  7  1  CTCCTTCACO  AAACCGACTC  GGCTGTGGCC  ACCGCGCGCC  GCCCGCGCTG  GCTGTGCGCT  GGGGCGCTGG  TGCTGGCGGG  TGGCTTCTTT 

^  I  NIKON  1-  2130  BP 

3  6  1  CTCCTCGGCT  TCCTCTTCGG  GTGGTTTATA  AAATCCTCCA  ATGAAGCTAC  TAACATTACT  CCAAAGCATA  AT  AT  G AAAGC  ATTTTTGGAT 

^  iktroj  2  -  5626  bp 

4  5  1  GAATTGAAAG  CTGAGAACAT  CAAGAAGTTC  TTATATAATT  TTACACAGAT  ACCACATTTA  GCAGGAACAG  AACAAAACTT  TCAGCTTGCA 

5  4  1  AAGCAAATTC  AATCCCAGTG  GAAAGAATTT  GGCCTGGATT  CTGTTGAGCT  AGCACATTAT  GATGTCCTGT  TGTCCTACCC  AAATAAGACT 

w  INTRCN  3  -  7363  BP 

6  3  1  CATCCCAACT  ACATCTCAAT  A ATT A AT GA A  GATGGAAATG  AGATTTTCAA  CACATCATTA  TTTGAACCAC  CTCCTCCAGG  ATATGAAAAT 

I NTRON  4  -  602  3  BP 

7  2  1  GTTTCGGATA  TTGTACCACC  TTTCAGTGCT  TTCTCTCCTC  AAGGAATGCC  AGAGGGCGAT  CTAGTGTATG  TTAACTATGC  ACGAACTGAA 

1 NTRON  5  -  78  8  BP  ^ 

8  1  1  GACTTCTTTA  AATTGGAACG.  GGACATGAAA  ATCAATTGCT  CTGGGAAAAT  TGTAATTGCC  AGATATGGGA  AAGTTTTCAG  AGGAAATAAG 

9  0  1  GTTAAAAATG  CCCAGCTGGC  AGGGGCCAAA  GGAGTCATTC  TCTACTCCGA  CCCTGCTGAC  TACTTTGCTC  CTGGGGTGAA  GTCCTATCCA 

9  9  1  GATGGTTGGA  ATCTTCCTGG  AGGTGGTGTC  CAGCGTGGAA  ATATCCTAAA  TCTGAATGGT  GCAGGAGACC  CTCTCACACC  AGGTTACCCA 

v  I  NTRON  6  -  2426  BP 

10  81  GCAAATGAAT  ATGCTTATAG  GCGTGGAATT  GCAGAGGCTG  TTGGTCTTCC  AAGT ATT CCT  GTTCATCCAA  TTGGATACTA  TGATGCACAG 
^  I  NTRON  7  -  7195  BP 

1171  AAGCTCCTAG  AAAAAATGGG  TGGCTCAGCA  CCACCAGATA  GCAGCTGGAG  AGGAAGTCTC  AAAGTGCCCT  ACAATGTTGG  ACCTGGCTTT 
^  I  NTRON  8  -  8  81  BP 

1261  ACTGGAAACT  TTTCTACACA  AAAAGTCAAG  ATGCACATCC  ACTCTACCAA  TGAAGTGACA  AGAATTTACA  ATGTGATAGG  TACTCTCAGA 
w  I  NTRON  9  -  1415  BP 

1351  GGAGCAGTGG  AACCAGACAG  ATATGTCATT  CTGGGAGGTC  ACCGGGACTC  ATGGGTGTTT  GGTGGTATTG  ACCCTCAGAG  TGGAGCAGCT 

^  INTRCN  10  -  2079  BP 

1441  GTTGTTCATG  AAATTGTGAG  GAGCTTTGGA  ACACTGAAAA  AGGAAGGGTG  GAGACCTAGA  AGAACAATTT  TGTTTGCAAG  CTGGGATGCA 

^  INTRCN  1  1  •  1932  BP 

1531  GAAGAATTTG  GTCTTCTTGG  TTCTACTGAG  TGGGCAGAGG  AGAATTCAAG  ACTCCTTCAA  GAGCGTGGCG  TGGCTTATAT  TAATGCTGAC 

w  INTRCN  12  -  4426  BP  w  I  NTRON  13  -  6659  BP 

1621  TCATCTATAG  AAGGAAACTA  CACTCTGAGA  GTTGATTGTA  CACCGCTGAT  GTACAGCTTG  GTACACAACC  TAACAAAAGA  GCTGAAAAOC 

I  NTRON  14  -  114  4  BP, 

1711  CCTGATGAAG  GCTTTGAAGG  CAAATCTCTT  TATGAAAGTT  GGACT AAAA A  AAGTCCTTCC  CCAGAGTTCA  GTGGCATGCC  CAGGATAAGC 

I  NTRON  15  -  2206  BP  v 

1801  AAATTGGGAT  CTGGAAATGA  TTTTGAGGTG  TTCTTCCAAC  GACTTGGAAT  TGCTTCAGGC  AGAGCACGGT  ATACTAAAAA  TTGGGAAACA 

1891  AACAAATTCA  GCGGCTATCC  ACTGTATCAC  AGTGTCTATG  A A AC AT AT G A  GTTGGTGGAA  AAGTTTTATG  ATCCAATGTT  TAAATATCAC 

1981  CTCACTGTGG  CCCAGGTTCG  AGGAGGGATG  GTGTTTGAGC  TAGCCAATTC  CATAGTGCTC  CCTTTTGATT  GTCGAGATTA  TGCTGTAGTT 

INTRCN  16-  300  BP  w 

2071  TTAAGAAAGT  ATGCTGACAA  AATCTACAGT  ATTTCTATGA  AACATCCACA  GGAAATGAAG  ACATACAGTG  TATCATTTGA  TTCACTTTTT 

w  I NTRCN  17  -  5115  BP 

2161  TCTGCAGTAA  AGAATTTT AC  AGAAATTGCT  TCCAAGTTCA  GTGAGAGACT  CCAGGACTTT  GACAAAAGCA  ACCCAATAGT  ATT AAGAAT G 

^  INTRCN  18  -  1693  BP 

2251  ATGAATGATC  AACTCATGTT  TCTGGAAAGA  GCATTTATTG  ATCCATTAGG  GTTACCAGAC  AGGCCTTTTT  ATAGGCATGT  CATCTATGCT 

2341  CCAAGCAGCC  ACAACAAGTA  TGCAGGGGAG  TCATTCCCAG  GAATTTATGA  TGCTCTGTTT  GATATTGAAA  GCAAAGTGGA  CCCTTCCAAG 

2431  GCCTGGGGAG  AAGTGAAGAG  ACAGATTTAT  GTTGCAGCCT  TCACAGTGCA  GGCAGCTGCA  GAGACTTTGA  GTGAAGTAGC  CTAAgaggat 

2521  tctttagaga  atccgtattg  aatttgtgtg  gtatgtcact  cagaiagaat  cgtaatgggt  atattgataa  atlttaaaat  tggtatattt 

2611  gaaat  aaagt  tgaatattat  atataaaaaa  aaaaaaaaaa  aaa 

Fig.  1.  The  cDNA  sequence  of  the  human  PSMA  gene.  The  5'  and  3'  untranslated  regions 
are  shown  in  lower  case;  the  coding  region  is  in  upper  case.  The  start  and  stop  codons  are 
underlined,  and  intron  positions  and  sizes  are  indicated  by  the  arrowhead. 

interest,  but  by  using  this  method  it  is  possible  to  determine  the  exact  start  sites  of 
transcription  and  therefore  predict  the  sequence  encompassing  the  promoter  region  of 
the  gene.  Our  5'  RACE  experiments  confirmed  the  original  start  site  (+1  of  the  cDNA 
sequence),  but  also  showed  other  start  sites  within  this  region,  at  -195  and  -235,  in 
addition  to  the  original  start  site  at  -262  relative  to  the  translation  initiation  codon  of 
the  gene.  Such  heterogeneity  of  transcription  start  sites  is  not  uncommon  in  genes  where 
the  promoter  lacks  a  TATA  box.  Consistent  with  this  finding,  the  DNA  sequence 
upstream  of  these  start  sites  has  no  typical  TATA  boxes  (50).  We  next  cloned  the  1244 
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base  pair  region  of  genomic  DNA  spanning  the  start  sites,  and  approx  1  kb  of  the 
region  5',  into  a  reporter  vector  to  test  whether  the  region  was  capable  of  driving  tran¬ 
scription  of  the  firefly  luciferase  gene.  To  our  surprise,  not  only  did  this  region  of  the 
gene  have  significant  activity /mg  of  cell  protein  relative  to  the  strong  SV-40  viral  pro¬ 
moter/enhancer  in  LNCaP  cells,  but  it  also  appeared  to  be  prostate  specific,  in  that  we 
could  not  detect  significant  levels  of  luciferase  in  the  DU  145  and  MCF-7  cell  lines 
(prostate  and  breast  carcinoma  lines).  These  cell  lines  do  not  express  PSMA,  and  there¬ 
fore  presumably  do  not  contain  the  appropriate  trancription  factors  for  activation  of  the 
PSMA  promoter. 

Interestingly,  we  did  see  luciferase  expression  driven  by  the  PSMA  promoter  in  PC-3 
cells — another  prostatic  cell  line  that  does  not  express  PSMA — at  levels  corresponding 
to  about  10%  of  that  of  the  control  SV-40  promoter/enhancer  (50).  This  led  us  to  exam¬ 
ine  the  genomic  region  of  PC-3  DNA  containing  the  CpG  island  for  hypermethylation 
by  Southern  analysis  with  methylation  sensitive  restriction  enzymes.  We  were  able  to 
demonstrate  that  while  DNA  from  normal  male  lymphocytes  and  the  LNCaP  cell  line 
was  not  hypermethylated,  DNA  from  PC-3  cells  was  at  least  partially  hypermethylated 
in  this  region.  We  next  treated  PC-3  cells  with  the  demethylating  agent  5-azacytidine, 
but  were  unable  to  detect  expression  of  PSMA  after  treatment  with  the  drug  (O’Keefe 
et  al.,  unpublished  data),  and  we  are  still  investigating  this  phenomenon. 

In  further  experiments  to  delineate  the  minimal  promoter  region  of  the  gene,  we 
discovered  that  our  original  estimation  of  the  strength  of  the  PSMA  promoter  was  some¬ 
what  high.  We  had  calculated  the  strength  of  the  PSMA  promoter  relative  to  that  of  the 
usually  strong  SV-40  promoter/enhancer  in  the  luciferase-reporter  experiments.  How¬ 
ever,  when  we  transfected  various  cell  lines  with  the  SV-40  promoter  alone — and  after 
adjusting  for  transfection  efficiency  compared  these  transfections  to  those  with  the 
SV-40  promoter/enhancer  combination — we  were  surprised  to  find  that  in  LNCaP  cells, 
addition  of  the  SV-40  enhancer  to  the  basal  SV-40  promoter  did  not  enhance  reporter 
gene  transcription  and  in  some  cases  repressed  it.  In  contrast,  in  other  cell  lines  such  as 
PC-3,  the  SV-40  promoter/enhancer  combination  significantly  increases  reporter  gene 
transcription  (O’Keefe  et  al.,  unpublished  data).  Other  laboratories  have  reported  simi¬ 
lar  findings  in  LNCaP  cells  when  combining  the  SV-40  enhancer  with  other  basal  pro¬ 
moters  such  as  the  PSA  minimal  promoter  (Peter  Molloy,  personal  communication) 
although  the  reason  for  this  remains  unclear. 

Deletion  constructs  of  the  promoter  region  allowed  us  to  localize  the  minimal  pro¬ 
moter  to  between  bases  461-1097.  The  original  promoter  construct  had  contained  an 
Alu  repeat  sequence,  and  we  also  found  that  once  this  region  was  deleted,  reporter  gene 
expression  increased  (Horiguchi  et  al.,  unpublished  data).  Although  PSMA  expression 
is  regulated  by  androgens  (32,76),  there  are  no  typical  androgen-response  elements  in 
the  promoter  region  or  in  the  entire  PSMA  genomic  sequence.  However,  because  there 
might  be  novel  androgen  response  elements,  we  tested  the  deletion  constructs  and  the 
original  promoter  construct  for  androgen  responsiveness  in  LNCaP  cells. 

Although  the  minimal  PSMA  promoter  described  here  appeared  to  exhibit  prostate- 
specificity,  it  could  only  promote  basal  levels  of  reporter  gene  expression  (75).  Watt 
et  al.  (75)  cloned  the  PSMA  enhancer  region  (PSME)  using  an  “enhancer  trap”  system. 
The  enhancer  trap  library  was  created  by  partial  digestion  of  the  PI  bacteriophage 
clones  containing  the  PSMA  genomic  sequence,  and  subcloning  the  resultant  fragments 
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into  a  vector  containing  the  PSMA  promoter-driving  expression  of  the  Green  Fluores¬ 
cent  Protein  (GFP)  gene.  Screening  of  the  library  for  DNA  fragments  able  to  increase 
GFP  expression  over  that  seen  by  the  promoter  alone  was  carried  out  in  LNCaP  cells 
and  a  number  of  other  non-PSMA  expressing  cell  lines.  Using  this  method,  a  fragment 
of  DNA  that  was  able  to  increase  transcription  from  the  PSMA  promoter  by  250-fold 
was  identified.  When  the  enhancer  was  linked  to  other  stronger  basal  promoters  instead 
of  the  PSMA  promoter,  transcription  levels  were  increased  by  at  least  10-fold;  in  the 
most  impressive  experiment,  the  PSME  was  linked  to  the  herpes  virus  thymidine  kinase 
(TK)  promoter  and  transcription  was  nearly  threefold  that  of  the  Rous-Sarcoma  Virus 
promoter/enhancer,  which  in  itself  is  a  strong  viral  promoter.  The  PSME  retains 
prostate-specificity  even  when  linked  to  the  TK  promoter — which  is  not  prostate 
restricted  in  expression — and  the  PSME  also  shows  repression  by  androgens  (75).  As 
such,  the  PSME  shows  excellent  promise  for  use  in  gene  therapy  approaches  targeting 
prostate  cancer  in  the  near  future. 

5.  ALTERNATIVE  SPLICING  OF  THE  PSMA  GENE 

Using  RT-PCR  of  normal  prostate  tissue,  Su  et  al.  (64)  discovered  the  first  reported 
mRNA  splice-variant  of  the  PSMA  gene.  The  variant,  PSM'  (PSM-prime),  transcribes 
from  the  regular  PSMA  promoter  and  uses  an  alternative  5'  splice  donor  site  within 
exon  one  of  the  gene,  deleting  bases  1 1 4-379,  which  includes  the  translation  start  codon 
for  PSMA.  Initiation  of  translation  of  the  PSM'  protein  begins  at  nucleotide  427,  pro¬ 
ducing  a  glycoprotein  of  about  95  kDa  that  lacks  the  intracellular  and  transmembrane 
domains  of  PSMA.  As  such,  PSM'  is  located  within  the  cytoplasm,  but  still  retains  the 
enzymatic  activity  of  PSMA  (21).  RNase  protection  assays  differentiating  PSMA  from 
PSM'  mRNA  transcripts  revealed  that  in  normal  prostate  PSM'  is  the  dominant  isoform, 
whereas  in  prostate  tumors  and  the  LNCaP  cell  line  PSMA  is  more  prevalent  (36,64). 
Compilation  of  the  data  to  form  a  “tumor  index”  comparing  the  ratio  of  PSMA:  PSM' 
resulted  in  a  score  of  9-1 1  for  LNCaP  cells,  3-6  for  prostate  carcinoma,  0.75-1.6  for 
BPH,  and  0.075-0.45  for  the  normal  prostate.  Unfortunately,  further  analysis  of  the 
ratio  of  PSMA :  PSM'  in  clinical  specimens  has  not  been  reported,  so  it  remains  unclear 
whether  or  not  this  tumor  index  could  have  a  clinical  impact. 

Another  alternative  splice  form  of  PSMA  that  was  isolated  from  the  human  brain, 
prostate,  and  liver  deletes  amino  acids  657-688  of  the  protein  (5),  and  creates  an  amino 
acid  substitution  (Asn— >Lys).  These  amino  acids  correspond  to  the  entire  18th  exon  of 
the  gene,  so  the  splicing  event  probably  occurs  by  “exon  skipping.”  We  have  also  seen 
this  splice  form  in  cDNA  derived  from  a  colon  tumor.  Further  investigation  of  this 
variant  is  required  to  determine  whether  it  retains  the  activity  of  the  full  length  PSMA 
protein,  and  whether  it  exists  in  significant  levels  relative  to  PSMA  and  PSM'. 

Finally,  when  we  implemented  5'  RACE  of  the  PSMA  gene  using  LNCaP  cells,  we 
discovered  a  number  of  novel  transcripts.  The  first,  which  we  have  called  PSM-C, 
begins  transcription  at  the  same  nucleotides  as  the  PSMA  and  PSM'  transcripts,  then 
uses  the  same  splice  donor  site  as  PSM'  (nt  1 14),  but  uses  an  alternative  splice  acceptor 
site  located  within  intron  one.  Nucleotides  3270-3402  of  the  genomic  PSMA  sequence 
are  transcribed,  followed  by  exon  2  and  exon  3.  Translation  of  this  variant  containing  a 
previously  unidentified  exon,  which  we  have  termed  exon  lb,  would  result  in  a  protein 
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identical  to  PSIVT.  Another  variant,  PSM-D,  again  uses  the  same  splice  donor  site  as 
PSM',  and  a  unique  splice  acceptor  site  in  intron  one,  including  another  novel  exon 
(exon  lc)  which  is  from  nucleotides  4289^-389  of  the  genomic  PSMA  sequence.  The 
putative  translation  of  this  protein  reveals  a  new  translation-initiation  start  site  located 
in  exon  lc,  followed  by  42  novel  amino  acids  and  the  rest  of  the  PSMA  protein 
in-frame.  Interestingly,  a  motif  in  the  novel  region  consisting  of  the  peptide  Ala-Ala- 
Tyr-Ala-Cys-Thr-Gly-Cys-Leu-Ala  is  similar  to  that  seen  in  the  growth-factor  cys- 
knot  family  of  proteins.  Using  RT-PCR,  we  were  able  to  demonstrate  the  existence  of 
this  variant  in  normal  prostate  and  LNCaP  cells;  however,  we  were  unable  to  demon¬ 
strate  significant  amounts  of  this  mRNA  splice  variant  via  RNase  protection  assays  on 
these  tissues. 

At  least  one  other  group  has  also  found  splice  variants  arising  from  novel  exons  in 
intron  one  of  the  gene;  one  exon  continuing  on  from  the  3'  end  of  exon  1  for  68  nucle¬ 
otides,  and  another  extending  for  97  nucleotides.  All  three  variants  include  exon  1 
(nt  1-379),  and  thus  would  be  predicted  to  translate  into  a  protein  with  a  transmem¬ 
brane  domain.  One  of  the  variants  contains  both  new  exons  aligned  in  tandem,  and  the 
three  variants  are  expected  to  produce  proteins  between  40  and  805  amino  acids  in 
length  (53).  Novel  variants  such  as  those  described  here  have  not  been  proven  to  con¬ 
tribute  to  or  be  functionally  involved  in  prostate  cancer.  Therefore,  their  clinical  sig¬ 
nificance  remains  uncertain. 

6.  MAPPING  OF  THE  PSMA  GENE  AND  IDENTIFICATION 

OF  THE  PSMA-LIKE  GENE 

Chromosomal  localization  of  the  PSMA  gene  has  proven  to  be  controversial.  Initial 
mapping  by  two  independent  research  groups  using  Fluorescent  In  Situ  Hybridization 
(FISH)  and  the  full-length  cDNA  sequence  as  a  probe  indicated  two  regions  for  the 
gene — llpll-12,  and  1 1  q  1 4  (38,56).  To  identify  the  true  location  of  the  PSMA  gene, 
Leek  et  al.  (38)  used  PCR  of  somatic  cell  hybrids  containing  various  regions  of  chro¬ 
mosome  11,  assigned  the  gene  to  lip,  and  suggested  that  the  1  lql4  locus  represented 
a  PSMA  pseudogene.  Rinker-Schaeffer  et  al.  used  two  PI  clones  containing  approx 
120  kb  of  the  PSMA  gene  and  surrounding  sequence  to  repeat  the  FISH  experiment, 
and  under  conditions  of  high  stringency,  assigned  the  gene  to  1 1  q  14  (56).  Later,  it 
became  apparent  that  FISH  can  be  subject  to  artifact  under  conditions  of  high  strin¬ 
gency  when  one  of  the  regions  involved  is  close  to  a  centromere,  which  in  this  case  is 
the  1  lpl  1  locus.  We  therefore  mapped  the  gene  again,  using  a  number  of  sets  of  oligo¬ 
nucleotide  primers  designed  to  bind  both  intronic  and  exonic  sequences  of  the  gene, 
and  PCR  against  a  panel  of  somatic  cell  hybrids  containing  various  regions  of  chromo¬ 
some  11.  We  found  that  the  PSMA  gene  does  map  to  1  lpl  1 ,  approx  7  Mb  from 
D1  IS  1350.  We  also  established  that  the  “PSMA  pseudogene”  sequence  reported  on 
Genbank  as  mapping  to  1  lql4  (accession  number  HSU93599)  did  not  exist,  but  instead 
a  gene  that  is  highly  homologous  to  the  PSMA  gene  resides  on  1  lql4.3  (50).  Further 
analysis  of  the  gene  at  the  1  lq  14  locus  (which  we  have  termed  the  “PSMA-like”  gene, 
Genbank  accession  number  AF261715),  revealed  that  exons  2-19  of  the  PSMA  gene 
are  duplicated  on  the  long  arm  of  chromosome  11,  along  with  their  corresponding 
introns.  We  have  been  unable  to  detect  duplication  of  the  promoter  region,  or  of  exon 
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Fig.  2.  Zoo-Blot  using  PSMA  cDNA  as  a  probe.  Genes  homologous  to  PSMA  exist  in  many 
other  species,  including  yeast.  Lanes  1-9  are  hybridized  with  genomic  DNA  from:  (1)  human, 
(2)  monkey,  (3)  rat,  (4)  mouse,  (5)  dog,  (6)  bovine,  (7)  rabbit,  (8)  chicken,  and  (9)  yeast. 


one  (50).  This  would  suggest  a  different  mechanism  of  regulation,  and  therefore  a  dif¬ 
ferent  tissue  expression  pattern  of  the  PSMA-like  gene.  The  exonic  sequences  of  the 
two  genes  are  highly  conserved  (97%  identical),  and  we  have  determined  that  the 
PSMA-like  gene  is  transcribed  and  expressed  in  kidney  and  liver  tissue,  but  not  in 
prostate  samples  (O’Keefe  et  al.,  unpublished  data).  Complete  characterization  of  the 
PSMA-like  gene  is  needed.  Thus,  clinical  and  therapeutic  strategies  targeting  PSMA 
can  be  designed  to  avoid  PSMA-like  expressing  tissues  or  targets,  and  subsequently 
limit  lack  of  specificity  and  unecessary  toxicity. 

7.  MOLECULAR  EVOLUTION  OF  THE  PSMA  FAMILY  OF  PROTEINS 

Comparison  of  the  intronic  sequence  differences  of  the  PSMA  and  PSMA-like  genes 
allowed  us  to  calculate  that  evolutionary  period  in  which  the  original  gene  duplicated 
was  22  million  years  ago  (50).  This  data  is  consistent  with  the  report  that  the  tyrosinase 
gene,  which  is  closely  linked  to  the  PSMA-like  gene  on  chromosome  1 1  q  1 4,  was  sub¬ 
ject  to  duplication  to  1  lp  24  million  years  ago  (17).  It  would  therefore  seem  that  the 
locus  at  1  lq  14  contained  the  original  gene,  and  that  a  little  more  than  20  million  years 
ago — after  the  divergence  of  man  and  rodent,  but  before  the  separation  of  man  and 
chimp — this  locus  was  duplicated  on  1  lpl  1.  Both  genes  then  evolved  further,  with  the 
PSMA  gene  gaining  expression  in  the  prostate.  Southern  blot  analysis  has  shown  that 
PSMA  homologs  exist  in  many  species,  and  this  is  supported  by  the  finding  of 
homologs  as  far  back  in  evolution  as  yeast  and  C.  Elegcms  (Fig.  2;  Heston  et  al.,  unpub¬ 
lished;  [55]).  Similarly,  it  is  interesting  to  note  that  although  PSMA  homologs  have 
been  cloned  in  several  of  these  species,  there  are  no  reports  of  PSMA  expression  in  the 
prostate  (2,5,22).  Instead,  these  PSMA  homologs  seem  to  be  primarily  expressed  in  the 
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Table  1 


Homology  Between  Human  PSMA  and  Selected  Homologs  and  Paralogs 


Species 

Protein 

Size 

(aa) 

AA/NT 
homology  to 
PSMA 

Folate 

Hyd. 

activity 

DPP  IV 
activity 

NAALA¬ 

Dase 

activity 

GenBank 

accession 

number 

Reference 

Human 

PSMA 

750 

100/100% 

+ 

+ 

+ 

M99487 

(8) 

NAALADase  II 

740 

67/74% 

nt 

+ 

+ 

AJ0 12370 

(30) 

NAALADase  L 

740 

35/ns% 

nt 

+ 

- 

AJ0 12371 

(30) 

PGCP 

542 

27/ns% 

nt 

nt 

+ 

AF1 19386 

(29) 

DPP  IV 

766 

29/ns% 

nt 

+ 

nt 

M80536 

(33) 

Transferin 

Receptor. 

760 

31/ns% 

— 

- 

— 

M11507 

(34) 

Mouse 

MoPSM 

(PSMA  homolog) 

752 

86/85% 

+ 

nt 

+ 

AF026380 

(2) 

Rat 

NAALADase 
(PSMA  homolog) 

752 

86/85% 

+° 

nt 

+ 

U75973 

(21) 

o 

o 

ts- 

746 

4I/ns% 

nt 

+ 

_ 

AF009921 

(35) 

Pig 

Folypoly-y- 
glutamate 
Carboxypeptidase 
(PSMA  homolog) 

751 

91/88% 

+ 

nt 

+ 

AF050502 

(27) 

“Bacich  et  al.  unpublished  observations; 

b  rat  homolog  of  NAALADase  L  protein;  The  amino  acid  (AA)  and  nucleotide  (NT)  homologies  to 
PSMA  are  shown;  NT  homologies  were  determined  by  a  BLAST  2  sequences  alignment  using  standard 
parameters,  “ns”  refers  to  a  nonsignificant  alignment  (BLOSUM  62).  “nt”  refers  to  enzymatic  activities  that 
have  not  been  tested. 

small  intestine,  brain,  and  kidney  of  other  species.  In  the  species  which  is  most  often 
used  as  an  experimental  model  resembling  man — the  mouse — there  is  clearly  no  pros¬ 
tatic  expression  of  the  murine  homolog  of  PSMA  (termed  MoPSM),  as  determined  by 
northern  analysis  and  RT-PCR  (2).  Furthermore,  there  is  only  one  gene  in  the  mouse, 
and  the  MoPSM  gene  maps  to  mouse  chromosome  7D1-2,  which  is  syntenic  with 
human  1  lql4  (2).  Considering  these  facts,  it  is  tempting  to  suggest  that  the  PSMA-like 
gene  contributes  to  the  extraprostatic  expression  currently  attributed  to  PSMA,  and 
that  expression  of  PSMA  in  the  prostate  may  somehow  put  the  prostate  at  high  risk  for 
developing  mutations  and  subsequent  carcinogenesis. 

8.  ENZYMATIC  ACTIVITY  OF  PSMA  AND  RELATED  GENES 

Recently,  PSMA  homologs  have  been  cloned  from  mouse  (2),  rat  (5),  and  pig  (22), 
in  addition  to  the  cloning  of  more  distantly  related  paralogs  of  PSMA  in  humans 
( 18,51).  The  cloning  and  comparison  of  these  homologs  and  paralogs  has  shed  consid¬ 
erable  light  on  some  of  the  activities  of  PSMA,  and  provided  some  insight  into  which 
amino  acid  sequences  appear  to  be  crucial  in  these  activities.  PSMA  has  three  known 
activities:  a  folate  poly  y  glutamyl  carboxypeptidase  (folate  hydrolase)  (54),  a 
NAALADase  (7)  and  a  dipeptidyl  peptidase  IV  (51).  A  comparison  of  these  three 
activities  in  the  PSMA  homologs  and  paralogs  is  summarized  in  Table  1. 

The  folate  hydrolase  activity  of  PSMA  describes  the  sequential  removal  of  y-linked 
glutamates  from  conjugated  folates  and  folate  analogs  such  as  methotrexate  y-glutamate 
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and  pteroylpentaglutamate,  as  shown  in  Fig.  3 A  (54).  The  folate  hydrolase  activity  of 
PSMA  is  maintained  in  the  presence  of  sulfhydryl  reducing  agents  and  p-hydroxy- 
mercuribenzonate,  in  contrast  to  an  unrelated  folate  hydrolase  enzyme  that  is  located  in 
lysosomes. 

PSMA  also  possesses  NAALADase  activity,  because  it  is  able  to  hydrolyze  the  neu¬ 
ropeptide  N-acetyl-L-aspartyl-L-glutamate  (NAAG)  to  form  A-acetyl-L-aspartate  and 
glutamate.  This  is  hydrolysis  of  the  aspartyl  a  linkage,  as  shown  in  Fig.  3B.  This  activ¬ 
ity  was  first  reported  by  Robinson  et  al.  (57)  in  1986  in  the  rat  brain,  and  was  demon¬ 
strated  to  be  inhibited  by  quisqualate.  NAALADase  and  its  neuropeptide  substrate 
NAAG  have  been  implicated  in  the  regulation  of  excitatory  signaling  in  the  nervous 
system  (14,77).  Altered  activity  of  NAALADase  has  been  associated  with  various 
neurolgical  disorders,  including  schizophrenia  (11,73),  Alzheimer’s  disease,  and 
Huntington’s  disease  (52).  In  addition,  increased  levels  of  NAALADase  have  been 
observed  in  animal  models  for  epilepsy  ( 45-47,52 )  and  amylotrophic  lateral  sclerosis 
(58,72,74). 

Carter  et  al.  (7)  used  antisera  to  purified  rat  NAALADase  to  screen  a  rat-brain 
expression  library,  resulting  in  the  isolation  of  a  partial  1428  nt  cDNA  clone  that  had 
86%  homology  to  part  of  the  human  PSMA  cDNA  sequence.  The  entire  rat  PSMA/ 
NAALADase  sequence  was  subsequently  cloned  by  (5),  and  when  transiently  trans¬ 
fected  into  PC-3  cells  (which  are  NAALADase-negative),  they  gained  NAALADase 
activity  that  could  be  inhibited  by  quisqualic  acid.  Human  PSMA  was  also  demon¬ 
strated  to  have  NAALADase  activity  (7).  Further  characterization  by  Luthi-Carter 
et  al.  demonstrated  that  the  human  brain  NAALADase  could  be  immunoprecipitated 
with  the  MAb  7E11-C5  (44).  As  this  antibody  binds  to  residues  not  conserved  in 
PSMA-like  (O’Keefe  et  al.,  unpublished),  it  suggests  that  human  NAALADase  and 
PSMA  are  derived  from  the  same  gene.  In  addition,  Luthi-Carter  amplified  RNA  by 
RT-PCR,  a  sequence  identical  to  the  LNCaP-derived  PSMA  sequence,  from  human 
cerebellum,  indicating  that  this  RNA  is  present,  but  in  itself  not  proving  that  all  of  the 
NAALADase  activity  found  in  the  brain  is  from  PSMA. 

Recently,  it  was  shown  that  PSMA  also  has  dipeptidyl  peptidase  IV  activity,  which 
refers  to  the  ability  to  hydrolyze  Glycine-Proline-7-amido-4-methylcoumarin  (51).  This 
amino  dipeptidyl  peptidase  IV  activity  cleaves  the  bond  between  the  proline  residue 
and  amido  methylcoumarin  molecule,  as  shown  in  Fig.  3C.  It  was  first  reported  that 
PSMA  possesses  this  activity  when  Pangalos  et  al.  (51)  transiently  transfected  COS 
cells  with  PSMA  cDNA  and  assayed  for  the  dipeptidyl  peptidase  IV  activity.  Although 
the  mock-transfected  COS  cells  had  dipeptidyl  peptidase  IV  activity,  the  PSMA- 
transfected  COS  cells  had  significantly  more  activity.  The  physiolgical  role  of  the 
dipeptidyl  peptidase  IV  activity  of  PSMA  is  unclear;  however,  it  may  play  a  role  in  the 
regulation  of  various  biologically  active  peptides,  including  collagen,  neuropeptide  Y, 
and  growth  hormone  releasing  factor  (51).  As  such,  it  would  appear  that  PSMA  is  a 
multifunctional  enzyme,  possessing  both  amino  and  carboxy-peptidase  activities  as 
a  mono  and  dipeptidase. 

Rawlings  and  Barrett  predicted  the  secondary  structure  of  PSMA  using  a  number  of 
protein  prediction  and  protein  alignment  programs,  modifying  the  results  so  that  the 
potential  zinc  ligand  binding  sites  and  other  blocks  of  secondary  structures  were  aligned 


Prostate  Specific  Membrane  Antigen 


317 


H 

N. 


N 


0  0  0 
^oh  \:oh  \:oh 
i: h  ..in  xtAh 

SSKi  rN^i  rH'i 

H  ch2 


in 

II  T 


H  Ah2 

ia 

i 


-INK  I 

HiH2 
iH2 

A 


v  k  ^  r  v/ 

A  5)  A  (y)  A 


Fig.  3.  PSMA  substrates.  (A)  folic-acid  polyglutamate,  (B)  A-acetyl-aspartylglutamate 
(NAAG),  and  (C)  glycine-proline-7-amido-4-methylcoumarin.  Arrows  indicate  the  bond  that 
is  hydrolyzed  by  PSMA. 


(55).  They  predicted  that  PSMA  is  made  up  of  six  organizational  domains,  with 
domain  E  (a.a.  273-587)  responsible  for  the  catalytic  activity.  They  were  then  able  to 
assign  this  catalytic  domain  to  the  M28  peptidase  family,  and  predicted  that  Asp377, 
Asp387,  Glu425,  Asp453  and  His533  are  ligands  for  two  atoms  of  zinc  required  for  cata¬ 
lytic  activity  (55).  Speno  et  al.  performed  site-directed  mutagenesis  experiments  alter- 
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ing  these  residues  resulting  in  severely  reduced  NAALADase  activity,  and  were  also 
able  to  demonstrate  that  substitution  of  some  amino  acids  near  the  putative  zinc  ligands 
has  a  major  impact  on  enzyme  structure  and/or  function  (63). 

9.  THE  ROLE  OF  PSMA  IN  PROSTATE  CARCINOGENESIS 

AND  PROGRESSION 

PSMA  is  believed  to  be  involved  both  in  glutamatergic  signaling  and  folate  metabo¬ 
lism.  Although  there  is  no  evidence  that  the  PSMA  substrate  NAAG  is  present  in  the 
prostate,  our  laboratory  has  demonstrated  the  existence  of  Glu  2/3  and  Glu  4  glutamate 
receptors  using  immunohistochemistry  (26).  This  would  suggest  that  when  PSMA  is 
expressed  on  the  surface  of  the  prostate  epithelial  cell — and  particularly  when  the  mem¬ 
brane-bound  form  of  PSMA  is  upregulated  in  cancer — sufficient  quantities  of  glutamate 
could  be  released  to  stimulate  these  receptors,  leading  to  oxidative  stress  and  subse¬ 
quent  cell  and  DNA  damage  (12),  and  further  enhancing  the  ability  of  the  cell  to  mutate 
and  the  cancer  to  progress. 

Another  possible  function  of  PSMA  was  recently  reported  by  Liu  et  al.  (41),  who 
observed  a  di-leucine  motif  in  the  amino  terminal  of  the  protein,  indicating  a  possible 
role  in  internalization  of  ligands  via  PSMA.  Incubation  of  LNCaP  cells  with  antibodies 
against  PSMA  followed  by  laser  scanning  confocal  microscopy  revealed  that  the  anti¬ 
bodies  were  internalized  and  remained  in  endosomes  within  the  cell.  The  endocytosis 
occurred  via  clathrin-coated  pits  and  was  shown  to  occur  constitutively,  although  it 
was  enhanced  by  the  presence  of  antibodies,  suggesting  a  role  for  PSMA  in  the  inter¬ 
nalization  of  as  yet  undefined  ligand(s)  (41). 

Our  most  favored  theory  is  based  on  the  folate  hydrolase  activity  of  PSMA  and 
PSM',  which  releases  the  terminal  gamma-linked  glutamates  from  folates.  To  appreci¬ 
ate  how  the  folate  hydrolase  activity  of  PSMA  might  be  involved  in  carcinogenesis  and 
the  progression  of  prostate  cancer,  it  is  first  necessary  to  understand  the  role  of  folate  in 
this  tissue.  Dietary  folates  are  generally  polygammaglutamated.  However,  folate  can 
only  enter  the  cell  by  passive  diffusion  if  it  has  been  deglutamated  (although  most 
extracellular  folate  is  monoglutamated).  Within  the  cell,  folate  is  polyglutamated  so 
that  it  cannot  diffuse  out  of  the  cell.  The  presence  of  PSM'  in  the  cell  would  lead  to 
deglutamation  of  the  polyglutamated  folate,  and  subsequent  loss  of  folate  from  the  cell. 
In  the  prostate,  there  is  an  increased  need  for  folate  relative  to  that  of  other  tissues  (24). 
Folate  hydrolase  would  be  expected  to  deglutamate  folate,  and  allow  it  to  be  in  a  form  that 
could  easily  diffuse  out  of  the  cell — thus  placing  the  cell  at  risk  of  becoming  folate 
deficient  (54 ).  Folate  deficiency  is  associated  with  DNA  damage  and  carcinogenesis  ( 13,34). 

Folic-acid  deficiency  can  lead  to  DNA  damage  via  increased  uracil  incoporation, 
resulting  in  single-stranded  DNA  breaks  and  decondensation  of  chromosomes  (4,37). 
Folate  deficiency  may  also  lead  to  carcinogenesis  by  reducing  DNA  methylation,  which 
in  turn  has  been  proven  to  lead  to  the  overexpression  of  certain  genes,  including  a 
number  of  oncogenes  (3,16,35).  Folate  is  integral  to  a  number  of  basic  metabolic  pro¬ 
cesses  in  the  cell,  including  DNA  synthesis.  DNA  methylation,  and  the  formation  of 
methionine  and  polyamines.  The  prostate  is  the  major  organ  responsible  for  polyamines, 
producing  between  eightfold  and  100-fold  greater  amounts  than  other  polyamine- 
producing  tissues  (24).  This  high  production  of  polyamines  places  stress  on  the  folate- 
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methionine  pathway,  and  as  a  result  the  prostate  is  at  greater  risk  of  DNA  damage 
induced  by  a  low-folate  environment. 

Therefore  it  is  our  hypothesis  that  PSM',  the  cytosolic  version  of  PSMA  expressed 
in  normal  prostate  epithelial  cells,  would  be  a  “catalyst”  of  DNA  damage,  and  subse¬ 
quently  carcinogenesis,  by  depleting  the  prostate  of  intracellular  folate.  PSMA,  the 
membrane-bound  isoform  highly  expressed  in  the  tumor  and  metastatic  deposits,  could 
also  be  expected  to  hydrolyze  poly-y-glutamated  folates,  allowing  them  to  diffuse  into 
cells  in  the  local  microenvironment.  Although  poly-y-glutamated  folates  are  not  typi¬ 
cally  considered  extracellular  substances,  there  are  a  large  number  of  dead  or  dying 
cells  that  can  liberate  these  polyglutamated  folates  within  an  environment  such  as  a 
prostate  tumor.  Therefore,  cells  expressing  a  membrane  folate  hydrolase  such  as  PSMA 
would  have  a  growth  and  survival  advantage  over  nonexpressing  cells,  especially  if  the 
levels  of  PSM'  decreased  in  the  PSMA-expressing  cells.  A  possible  extension  of  this 
hypothesis  might  explain  why  the  neovasculature  of  most  solid  tumors  express  PSMA, 
tumors  which  characteristically  have  an  inadequate  blood  supply  may  be  able  to 
sequester  folate  from  dead  cells  if  they  can  induce  the  endothelial  cells  of  the  vascula¬ 
ture  to  express  such  a  folate  hydrolase. 

After  the  switch  of  mRNA  splicing  to  predominantly  form  PSMA— the  membrane- 
bound  isoform  of  the  protein — folate  uptake  by  the  cell  would  be  enhanced.  This  in 
turn  would  lead  to  a  greater  proliferation  rate  for  the  cell,  and  could  possibly  also  lead 
to  enhanced  mutation  rates  via  glutamate  receptors  and  oxidative  stress  on  the  cell.  In 
this  case,  increased  expression  of  PSMA  could  assist  in  evolution  of  the  tumor  and 
tumor  growth,  and  progression  of  the  cancer. 

To  assess  this  theory  in  the  laboratory,  we  are  currently  using  the  transgenic  mouse 
model.  This  is  significantly  assisted  by  the  fact  that  the  murine  prostate  does  not 
express  the  homolog  of  PSMA,  MoPSM.  We  have  created  transgenic  mice  expressing 
human  PSMA  and/or  PSM'  under  the  control  of  a  prostate-specific  promoter,  and  are 
examining  the  effect  of  folate  deficiency  on  the  rate  of  DNA  damage  in  the  presence  of 
the  PSMA  isoforms  (Bacich  et  al.,  unpublished). 

10.  CLINICAL  UTILITY  OF  PROSTATE  SPECIFIC 

MEMBRANE  ANTIGEN 

The  potential  of  PSMA  as  a  marker  of  clinical  progression  was  first  noted  during 
characterization  of  the  7E1 1C5.3  antibody  (28).  Sera  from  20  of  43  patients  with  pros¬ 
tate  cancer  appeared  to  carry  molecules  reactive  with  the  7E11C5.3  antibody.  How¬ 
ever,  none  of  the  30  normal  blood  donors  or  seven  patients  with  BPH  exhibited  such 
reactivity.  The  authors  also  reported  that  prostate  cancer  patients  who  tested  positive 
were  more  likely  to  be  in  progression  (p  <  0.05)  (28),  although  other  groups  have  been 
unable  to  detect  PSMA  in  the  serum  of  any  patients  with  metastatic  disease  (69).  The 
possibility  that  PSMA  could  be  used  as  a  marker  of  circulating  prostate  cancer  cells 
was  quickly  examined  by  a  number  of  groups.  Israeli  et  al.  (31)  developed  a  highly 
sensitive  technique  using  reverse-transcriptase  PCR  with  nested  primer  sets  to  amplify 
PSMA  sequences  from  patient  blood  samples.  Using  similar  nested,  “enhanced,”  or 
radioactive  PCR-based  methods,  the  consensus  appears  to  be  that  there  is  no  correla¬ 
tion  between  PSMA-positive  results  and  clinical  stage,  pathological  stage,  or  tumor 
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grade  (6,49,62).  There  are  other  reports  of  PSMA-mRNA  expression  in  normal  lym¬ 
phocytes,  urine,  and  bone  marrow  (including  specimens  from  female  controls),  as  the 
result  of  “illegitimate  transcription” — insignificant  numbers  of  PSMA  transcripts  pro¬ 
duced  to  have  any  functional  effect,  but  that  are  able  to  be  detected  by  sensitive  PCR 
techniques  ( 10,15,39,80 ). 

As  with  all  PCR-based  methods  to  detect  circulating  cancer  cells,  the  technique  needs 
to  be  standardized  between  laboratories.  It  is  clear  from  the  literature  that  in  the  hands 
of  different  researchers,  significant  variation  is  found  in  test  results.  Furthermore,  the 
presence  of  circulating  cells  does  not  appear  to  be  directly  related  to  metastatic  poten¬ 
tial  of  the  primary  tumor.  For  example,  Loric  et  al.  (43)  have  shown  that  patients  with 
inflamed  prostates  also  exhibit  circulating  prostate  cells.  However,  new  technologies 
currently  available  may  be  able  to  solve  these  problems.  The  advent  of  “Real-Time” 
PCR,  which  allows  sensitive  quantitation  of  PCR  products  and  the  expanding 
access  to  custom-designed  “Gene  Chips”  should  make  it  easier  to  quantitate  one  or  a 
number  of  prostate  specific  transcripts.  It  has  already  been  shown  that  a  combination  of 
RT-PCR  methods  for  PSMA  and  PSA-expressing  cells  is  more  accurate  than  either 
technique  alone  (20,79).  In  addition  to  combining  several  different  markers  for  analy¬ 
sis,  it  might  also  be  worthwhile  to  examine  relative  amounts  of  the  PSMA  mRNA 
splice  variants — particularly  PSM'  vs  PSMA. 

PSMA  RT-PCR — in  combination  with  PSA  RT-PCR — has  also  been  used  to  deter¬ 
mine  the  “molecular  surgical  margins”  at  radical  prostatectomy,  by  examining  five 
biopsy  specimens  from  the  prostatic  fossa  (65).  The  results,  although  preliminary,  are 
promising.  The  authors  found  a  perfect  correlation  between  a  positive  PCR  result  and 
histopathological  determination  of  positive  margins  or  extracapsular  extension.  Fur¬ 
thermore,  control  biopsy  specimens  taken  from  men  undergoing  radical  cysto- 
prostatectomy  for  bladder  cancer  or  abdominoperineal  resection  for  rectal  cancer  were 
all  negative  for  the  test.  Interestingly,  in  four  of  1 6  cases  with  histopathologically  nega¬ 
tive  surgical  margins,  the  molecular  margins  were  positive  (65).  Validation  of  this 
unique  method  requires  larger,  longer,  and  multi-institutional  studies. 

At  the  present  time,  clinical  imaging  using  PSMA-directed  immunoconjugates  uti¬ 
lize  the  Cyt-356  antibody,  commercially  known  as  the  “Prostascint  Scan™”.  While  the 
results  are  promising,  the  test  is  probably  not  optimally  designed.  In  studies  localizing 
the  target  epitope  of  Cyt-356,  Troyer  et  al.  (71)  found  that  the  antibody  binds  to  the 
short  cytoplasmic  domain  of  the  protein.  As  such,  Cyt-356  binds  efficiently  to  dead 
cells,  and  not  viable  cells  (40, 70, 71 ).  The  ability  of  Cyt-356  to  image  metastatic  depos¬ 
its  is  most  likely  caused  by  necrotic  cells  in  the  tumors,  and  therefore  the  sensitivity  of 
imaging  would  be  expected  to  be  enhanced  through  the  use  of  antibodies  directed 
against  the  external  domain  of  PSMA.  A  number  of  groups  have  developed  such  “sec¬ 
ond  generation”  antibodies  (40,48),  and  are  currently  carrying  out  phase  I  trials  using 
the  antibodies  as  both  imaging  agents  and  therapeutic  vectors. 

11.  THE  FUTURE  OF  CLINICAL  AND  THERAPEUTIC 

STRATEGIES  UTILIZING  PSMA 

In  an  immunotherapeutic  approach,  Tjoa  et  al.  (66)  showed  that  T-cell  proliferation 
could  be  induced  in  vitro  by  autologous  dendritic  cells  pulsed  with  peptides  from  the 
PSMA  amino  acid  sequence.  Dendritic  cells  are  professional  antigen-presenting  cells 
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that  can  induce  T-cell  proliferation  and  cytotoxicity  against  specific  antigens.  This 
study  was  followed  by  Phase  I  and  II  clinical  trials,  which  showed  positive  results,  with 
partial  responders  identified  in  groups  of  patients  with  both  metastatic  and  suspected 
local  recurrent  disease.  Follow-up  of  the  responsive  patients  nearly  300  d  later  revealed 
that  more  than  50%  of  the  subjects  were  still  responding  (59,60,67,68).  While  these 
results  indicate  a  promising  future  for  immunotherapeutic  strategies  against  prostate 
cancer,  there  are  several  intrinisic  problems.  The  therapy  described  here  is  restricted  to 
patients  of  major  histocompatibility  antigen  type  A2  (HLA-A2)  tissue  type.  Further¬ 
more,  HLA  antigens  are  downregulated  by  tumor  cells,  and  thus  would  not  be  available 
for  immuno-targeting. 

Using  an  innovative  approach  to  avoid  these  restrictions,  Gong  et  al.  (19)  devised  an 
immunotherapeutic  method  that  completely  circumvents  the  need  for  MHC-mediated 
presentation  of  peptides.  An  artificial  T-cell  receptor  was  generated  by  cloning  the 
DNA  sequence  responsible  for  recognition  of  PSMA  by  the  J-591  antibody  described 
here  (40),  followed  by  a  linker  region  and  the  zeta  chain  receptor,  into  a  retroviral 
vector  (19).  T-cells  (CD4+  and  CD8+)  from  prostate  cancer  patients  were  then  trans¬ 
duced  with  the  vector,  and  their  response  to  cells  expressing  PSMA  was  examined.  The 
transduced  cells  efficiently  and  specifically  lysed  PSMA-expressing  cells,  and  also 
released  cytokines  in  response  to  PSMA,  suggesting  that  a  prolonged  response  might 
be  feasible  (19).  If  these  results  are  as  impressive  in  vivo  as  they  are  in  vitro,  such  an 
approach  should  be  able  to  target  both  the  primary  tumor  and  metastatic  deposits,  as 
well  as  the  neovasculature  of  other  solid  tumors. 

Other  therapeutic  approaches  targeting  PSMA  currently  being  investigated  by  our 
and  other  laboratories  include  the  use  of  prodrug  strategies  and  gene  therapy.  To 
investigate  prodrug  strategies  against  prostate  cancer,  NIH3T3+/-  PSMA  and  PC-3+/- 
PSMA-transfected  cells  and  LNCaP  cells  were  grown  in  the  presence  of  methotrexate 
triglutamate  (27)  and  Heston  et  al.  (unpublished).  In  the  cells  expressing  PSMA,  the 
drug  was  converted  into  its  cytotoxic  derivative  methotrexate,  and  cell  growth  was 
inhibited.  However,  in  the  non-PSMA-expressing  cells,  the  drug  was  nontoxic.  While 
these  results  show  promise,  we  are  currently  using  the  LNCaP  xenograft  model  to 
determine  whether  toxicity  is  specifically  targeted  to  the  tumor,  or  affects  other  cells 
expressing  the  murine  homologs  of  the  genes  described  in  Table  1. 

Cloning  of  the  PSMA  promoter,  and  more  particularly  the  enhancer,  has  made  the 
use  of  gene  therapy  constructs  carrying  either  therapeutic  or  cytotoxic  genes  a  viable 
alternative  to  those  described  here  (50a).  In  this  approach,  cytotoxic  genes  such  as  the 
cytosine  deaminase  (CD)  or  herpes  virus  TK  genes  are  linked  to  the  PSME  and  a  com¬ 
patible  promoter,  and  the  patient  is  treated  with  cytotoxic  prodrugs  such  as 
5-fluorocytosine  or  gancyclovir.  However,  the  first  challenge  is  to  demonstrate  pros¬ 
tate-specificity  of  the  PSME  in  the  transgenic  mouse  model,  and  we  are  currently  evalu¬ 
ating  this  process  (Bacich  et  al.,  unpublished). 

12.  INTO  THE  21ST  CENTURY 

The  PSMA  story  has  yielded  several  unexpected  surprises  so  far,  but  we  still  do  not 
know  whether  expression  of  this  gene  influences  the  development  or  progression  of 
prostate  cancer  and  if  so,  how.  The  possible  role  of  PSMA  in  the  angiogenic  pathway 
of  tumors  is  intriguing,  but  it  also  suggests  that  we  have  much  to  learn  about  this  fasci- 
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nating  protein.  The  expression  of  PSMA  in  tumor-associated  vasculature,  as  well  as 
its  high  expression  in  virtually  all  prostate  tumors  and  metastases,  and  particularly  in 
hormone  refractory  disease  for  which  there  is  currently  no  efficient  treatment, 
indicates  that  targeting  of  PSMA  may  be  highly  valuable  as  a  treatment  for  not  only 
prostate  cancer,  but  several  types  of  solid  tumors. 
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ABSTRACT 

Prostate-specific  membrane  antigen  (PSMA)  is  a  potential  target  in  prostate  cancer  patients  because  it  is  very 
highly  expressed  and  because  it  has  been  reported  to  be  upregulated  by  androgen  deprivation.  This  overview 
addresses  the  expression  of  the  PSMA  gene  in  terms  of  the  promoter  and  enhancer  and  how  that  may  play  a 
role  in  gene  therapy.  We  also  review  PSMA  as  a  target  for  antibodies  for  imaging  and  treatment  and  the  de¬ 
velopment  of  a  novel  hybrid  T-cell  receptor  that  combines  the  specificity  of  anti-PSMA  antibodies  with  that 
of  T-cell  receptor  activation  when  introduced  into  primary  lymphocytes  by  retroviral-mediated  gene  trans¬ 
fer.  We  also  discuss  our  recent  findings  on  the  expression  of  a  PSMA-like  gene  and  how  that  understanding 
allows  specific  targeting  of  PSMA. 


INTRODUCTION 

Prostate-specific  membrane  antigen  (PSMA)  is  an  excel¬ 
lent  target  for  therapeutic  drug  development  because  it  is 
highly  expressed  in  prostate  cancer  and  its  metastases.1-3  In 
evolutionary  terms,  PSMA  is  the  result  of  a  gene  duplication 
event  that  occurred  about  25  million  years  ago.  This  event  has 
resulted  in  two  highly  homologous  genes,  on  chromosome  1  lp 
and  1  lq,  but  it  is  the  gene  on  1  lp  that  has  evolved  to  be  highly 
expressed  in  the  prostate,  with  upregulation  of  expression  in  tu¬ 
mors.  We  have  found  PSMA  to  be  expressed  in  the  neovascu¬ 
lature  of  all  solid  tumors  but  not  in  the  established  vasculature 
of  normal  cells  unassociated  with  cancer. 


PHYSICAL  PROPERTIES  OF  THE  PROTEIN 

The  PSMA  gene  product  is  a  type  II  membrane  protein  of 
approximately  100  kD.  Being  a  type  II  membrane  protein,  it 
possesses  a  short  amino  terminus  of  19  amino  acids  inside  the 


cell,  a  membrane-spanning  domain,  and  a  large  extracellular 
domain.  Rawlings  and  Barrett  have  predicted  the  secondary 
structure  of  PSMA  using  a  number  of  protein  prediction  and 
alignment  programs,  editing  the  results  so  that  the  potential 
zinc-binding  ligand  sites  and  other  blocks  of  secondary  struc¬ 
tures  were  aligned.4  They  predicted  that  amino  acids  Asp377, 
Asp387,  Glu425,  Asp453,  and  His553  are  responsible  for  zinc- 
ligand  catalytic  activity  as  a  peptidase.  Indeed,  the  protein  has 
evolutionary  homology  with  a  number  of  carboxy  and  amino 
peptidases  and  has  been  placed  in  the  category  of  the  M-28  pep¬ 
tidases,  which  have  dicatalytic  adjacent  sites  of  hydrolytic  ac¬ 
tivity.4  The  finding  of  homologous  proteins  in  bacteria,  yeast, 
and  plants  suggests  that  the  function  of  the  protein  is  of  very 
ancient  origin  and  important  to  the  economy  of  the  cell. 

Another  protein  related  evolutionarily  to  PSMA  is  the  trans¬ 
ferrin  receptor.5,6  There  are  many  areas  of  the  PSMA  amino 
acid  sequence  that  have  some  homology  with  the  transferrin  re¬ 
ceptor.  However,  PSMA  does  not  bind  transferrin,  and  the  sig¬ 
nal  sequence  for  internalization  of  the  transferrin  protein  is  not 
found  in  FSMA.  It  is  thought  that  PSMA  is  internalized,  as  there 
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is  a  dileucine  motif  in  the  intracellular  portion  of  the  protein; 
the  dileucine  moiety  has  been  found  in  proteins  that  are  inter¬ 
nalized  and  sorted  to  the  endosomal  compartment.  Also,  Liu 
and  associates  reported  that  PSMA  is  internalized,7  and  anti¬ 
body  binding  will  induce  internalization.  Whether  peptide  sub¬ 
strates  for  PSMA  will  induce  internalization  has  not  been 
clearly  established. 


EMZYMATIC  ACTIVITY 

We  have  identified  PSMA  as  a  unique  folate  hydrolase;  that 
is,  a  glutamate  carboxypeptidase  that  will  hydrolyze  the 
gamma-linked  peptide  glutamates  of  polygammaglutamated  fo¬ 
late.8’9  We  arrived  at  this  conclusion  from  two  observations. 
First,  it  has  been  known  for  a  long  time  that  semen  contains  fo¬ 
late-binding  proteins  of  approximately  100  kD.  Second,  we 
found  that  the  proximal  small  intestine  expresses  a  protein  that 
is  highly  homologous  to  PSMA.  We  knew  that  the  proximal 
small  intestine  had  a  protein  of  approximately  100  kD  that  was 
a  folate  hydrolase.  Therefore,  we  tested  whether  PSMA  had  fo¬ 
late  hydrolase  activity  and  determined  that  it  did.8  At  nearly  the 
same  time,  workers  in  Coyle’s  laboratory  found  the  PSMA  is 
able  to  hydrolyze  the  alpha-peptide  linkage  of  the  postulated 
neurotransmitter  N-acetylaspartylglutamate.10  In  addition,  we 
observed  that  PSMA  does  not  hydrolyze  the  alpha-linked  glu¬ 
tamate  in  folate.8  Thus,  PSMA  is  a  unique  glutamate-preferring 
carboxypeptidase  and  has  been  designated  glutamate  car¬ 
boxypeptidase  II  (EC  3.4.17.21)  by  the  Nomenclature  Com¬ 
mittee  of  the  International  Union  of  Biochemistry  and  Molec¬ 
ular  Biology.11 


PRODRUG  ACTIVATION 

Because  the  hydrolytic  activity  of  PSMA  resides  outside  the 
cell,  we  explored  whether  PSMA  might  serve  as  a  prodrug¬ 
activating  enzyme.  We  incubated  LNCaP  cells  with  the  poten¬ 
tially  toxic  methotrexate  trigammaglutamate  (MTXglu3).  This 
compound  should  not  be  toxic,  as  it  should  not  be  able  to  gain 
access  to  the  cell  because  of  its  negative  charge,  and  it  is  not  a 
substrate  for  the  folate  transporter.  In  Figure  1,  it  can  be  seen 
that  when  0.5  /xM  MTXglu3  is  added  to  LNCaP  cells,  the  cells 
decrease  their  growth  over  time  and  begin  to  die  relative  to  the 
untreated  control  cells.  However,  if  we  add  an  inhibitor  of 
PSMA’s  enzymatic  activity,  quisqualic  acid,  we  can  completely 
block  the  cytotoxicity  of  MTXglu3.  Interestingly,  quisqualic 
acid  exhibits  inhibitory  activity  toward  LNCaP  cells,  but  it  is 
not  clear  whether  PSMA  functions  in  the  growth  regulation  of 
LNCaP  cells.  We  also  incubated  cells  with  methotrexate 
(MTX),  a  drug  that  utilizes  the  folate  transporter  to  gain  access 
to  the  cell’s  cytoplasmic  compartment,  where  it  blocks  folate 
metabolism  and  interferes  with  nucleic  acid  generation.  As  ex¬ 
pected,  MTX  was  toxic  for  LNCaP  cells,  and  this  toxicity  was 
not  reversed  by  inhibition  of  PSMA  enzymatic  activity  (Fig.  1). 
This  result  demonstrates  that  PSMA  may  serve  as  a  prodrug¬ 
activating  enzyme. 

In  treating  prostate  cancer,  however,  we  have  to  take  into  ac¬ 
count  that  we  have  observed  two  forms  of  PSMA:  a  membrane 
form  and  an  intracellular  form  (PSM'). 1213  The  PSMA  will  help 
enable  the  removal  of  polygammaglutamated  material  from  the 
prodrug,  but  once  inside  the  cell  MTX  has  to  be  polygam¬ 
maglutamated  for  retention  to  maintain  its  cytotoxic  activity. 
With  the  alternatively  spliced  cytosolic  form  PSM'  inside  the 
cell,  MTX  is  not  likely  to  be  polygammaglutamated  and  re- 


0.5pM  MTX-Glu3  O.luM  MTX 


Day  Day 


FIG.  1.  Effect  of  methotrexate  trigammaglutamate  (MTX-Glu3)  or  methotrexate  (MTX)  on  growth  of  LNCaP  cells  with  or 
without  quisqualate  (0.5  mM).  The  LNCaP  cells  (5  X  104)  were  plated,  and  following  day,  either  MTX-Glu3  or  MTX  with  or 
without  quisqualate  was  added.  Number  of  cells  was  determined  at  times  shown. 
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tained  and  thus  would  be  inactive,  so  we  are  currently  identi¬ 
fying  prodrugs  that  need  activation  in  relation  to  the  cell 
surface  of  PSMA-expressing  cells  but  do  not  require  polygam- 
maglutamation  of  the  intracellular  drug  for  retention  or  ex¬ 
pression  of  cytotoxic  activity. 


PSMA  EXPRESSION  IN  TUMOR 
NEOVASCULATURE 

The  extracellular  portion  of  PSMA  appears  to  be  a  unique 
target.  As  with  any  target,  there  are  positives  and  negatives.  The 
upside  of  PSMA  as  a  target  is  that  it  is  very  strong  expressed 
in  prostate  cancer.  An  added  upside  centers  on  the  serendipi¬ 
tous  finding  of  PSMA’s  strong  expression  in  the  neovascula¬ 
ture  of  all  solid  tumors  that  we  have  examined  to  date  (Table 
1).  This  discovery  was  accomplished  with  five  different  anti¬ 
bodies,  each  of  which  binds  to  a  different  region  of  the  PSMA 
molecule.  This  development  of  other  antibodies  was  necessary 
because  the  original  antibody  to  PSMA,  Cyt-356,  is  cross¬ 
reactive  with  a  protein  that  is  not  PSMA  but  is  similar  in  mol¬ 
ecular  weight.  All  of  the  antibodies  demonstrated  the  same 
strong  immunoreactivity  with  tumor-associated  vasculature.14 

To  make  certain  that  it  was  PSMA  being  expressed  in  the 
vasculature  and  not  a  PSMA-like  protein  that  would  cross-re- 
act  with  these  antibodies,  we  performed  in  situ  hybridization 
studies  with  reverse  transcriptase-polymerase  chain  reaction  on 
the  RNA.  Indeed,  it  was  PSMA  and  not  a  PSMA-like  protein 
whose  mRNA  was  present  in  the  tumor-associated  vascula¬ 
ture.13  Currently,  we  do  not  know  the  reason  for  the  induction 
of  PSMA  expression  during  the  angiogenic  response  to  tumors. 
It  is  of  interest  that  an  exception  to  the  expression  of  PSMA  in 
the  neovasculature  of  all  solid  tumors  is  prostate  cancer,  where 
only  about  20%  of  the  cancers  appear  to  induce  expression  of 
PSMA.  It  remains  to  be  determined  why  PSMA  is  not  strongly 
expressed  in  the  tumor-associated  vasculature  of  all  carcinomas 
of  the  prostate,  but,  as  there  is  such  a  broad  spectrum  of  ma¬ 
lignant  potential  for  prostate  carcinomas,  it  is  interesting  to 


Table  1.  Neovascular  Expression 
of  PSMA  in  Solid  Tumors 


Renal-cell  carcinoma 

11/11 

Transitional-cell  carcinoma 

6/6 

Testicular  embryonal  Ca 

1/1 

Colon  adenocarcinoma 

5/5 

Neuroendocrine  carcinoma 

5/5 

Glioblastoma  multiforme 

1/1 

Melanoma 

5/5 

Pancreatic  duct  carcinoma 

4/4 

Non-small-cell  lung  Ca 

5/5 

Soft  tissue  sarcoma 

5/6 

Breast  carcinoma 

5/6 

Prostatic  carcinoma 

2/12 

All  tissues  were  prepared  for  examination  from  frozen 
sections.  The  monoclonal  antibodies  used  were  7E11C5 
(Cytogen;  internal  domain),  PM2J004.5  (Hybridtech;  internal 
domain),  PEQ226.5  (Hybridtech;  external  domain),  and  J591 
and  J415  (Bander;  external  domain).  Each  of  the  antibodies 
bound  to  a  different  antigenic  site  on  PSMA.  Data  from 
reference  14. 


speculate  that  those  cancers  inducing  expression  are  the  ones 
with  greater  malignant  potential. 


PSMA-LIKE  GENE 

A  potential  downside  for  targeting  of  PMSA  is  that  there  is 
a  gene  that  is  highly  homologous  called  the  PSMA-like  gene.12 
When  we  were  determining  the  chromosomal  location  of 
PSMA,  we  identified  not  one  but  two  sites  on  chromosome  1 1 
by  in  situ  hybridization.  We  have  since  determined  that  PSMA 
resides  on  the  short  arm  at  1  lpl  l-pl2  approximately  7  Mb  from 
marker  D11S1350,  with  the  other  gene  being  on  the  long  arm 
at  llql4.12  We  have  sequenced  the  entire  genomic  region  en¬ 
compassing  PSMA,  which  has  been  deposited  in  GenBank  (Ac¬ 
cession  No.  AF007544).  This  GenBank  entry  consists  of  93,525 
basepairs,  2484  of  which  are  upstream  of  our  published  cDNA 
sequence  NM  004476  ( Homo  sapiens  folate  hydrolase 
[prostate-specific  membrane  antigen],  [FOLH1]  mRNA).12  The 
entry  further  contains  31,208  nucleotides  of  downstream  se¬ 
quence  after  the  polyadenylation  site.  The  PSMA  gene  consists 
of  18  introns  and  19  exons  and  has  60,133  bases  beginning  from 
the  published  cDNA  sequence.  Because  we  have  the  entire 
PSMA  sequence,  we  have  been  able  to  compare  it  with  the  se¬ 
quence  of  the  PSMA-like  gene  on  1  lql4  and  have  found  high 
homology  in  both  intronic  and  exonic  regions  until  one  ap¬ 
proaches  the  5'  region  of  the  cDNA.  We  examined  intronic  se¬ 
quences  and  found  that  they  were  97%  identical  between  the 
PSMA  and  PSMA-like  genes.  We  were  able  to  calculate  that 
PSMA  was  likely  the  result  of  an  endoduplication  event  that 
occurred  a  short  time  ago  (in  evolutionary  terms)  of  approxi¬ 
mately  22  million  years.  It  has  been  found  by  others  working 
on  chromosome  llql4  that  a  fragment  containing  the  tyrosi¬ 
nase  gene  was  involved  in  a  duplication  event.  The  calculations 
from  base-substitution  rates  suggested  that  it  likewise  occurred 
about  22  to  24  million  years  ago.16  This  means  that  if  the  ge¬ 
nomic  information  on  chromosome  llq  produces  a  protein,  it 
is  likely  to  be  highly  homologous  to  PSMA. 

In  mice,  we  have  observed  that  the  ortholog  of  PSMA  re¬ 
sides  on  the  chromosome  that  is  syntenic  with  human  chromo¬ 
some  1  lql4  (7D1-2).  Indeed,  the  mouse  PSMA  ortholog  is  not 
expressed  in  the  prostate  but  rather  in  the  kidney,  brain,  testes, 
and  ovaries;  and  we  hypothesize  that  this  expression  would 
likely  be  areas  in  which  the  PSMA-like  gene  would  be  ex¬ 
pressed  in  the  human  as  well.  Therefore,  we  have  been  exam¬ 
ining  nonprostatic  tissue  immunohistochemically  for  expression 
of  PSMA  because  the  presence  of  protein  would  be  more  im¬ 
portant  than  RNA  expression,  which  does  not  always  corre¬ 
spond  to  the  level  of  protein  expression.  If  PSMA  and  PSMA- 
like  proteins  truly  are  nearly  identical,  then  expression  in 
nonprostatic  tissues  or  tumor  vasculature  should  be  very  telling. 
As  noted,  we  have  used  five  antibodies,  which  bind  to  differ¬ 
ent  regions  of  the  PSMA  protein.  In  all  of  these  experiments, 
we  observed  PSMA  expression  to  be  the  strongest  in  prostate, 
prostate  cancers,  tumor-assisted  vasculature,  and  proximal 
small  intestine  epithelium.  Weak  expression  was  noted  in  breast 
ductal  cells  and  in  the  proximal  tubule  cells  in  the  kidney.  No 
expression  was  observed  by  any  of  the  PSMA  antibodies  in  the 
brain.3,14  This  result  is  really  different  from  what  would  be  ex¬ 
pected  in  the  mouse  and  human  PSMA-like  proteins  had  sim- 
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ilar  expression,  in  that  there  would  be  strong  and  equal  ex¬ 
pression  in  the  brain  and  kidney.  In  humans,  only  weak  ex¬ 
pression  is  observed  in  the  kidney  proximal  tubules,  and  no  ex¬ 
pression  was  detected  in  the  brain.  Only  the  Cyt-356  antibody 
exhibited  reactivity  with  skeletal  muscle,  which  is  in  keeping 
with  the  fact  that  the  Cytogen  antibody  demonstrates  some  non¬ 
specific  immunoreactivity.  These  studies  of  immunoreactivity 
of  multiple  antibodies  would  suggest  that  PSMA  is  a  reason¬ 
ably  restricted  target. 

PSMA  PROMOTER  ENHANCER 

Why  is  PSMA  expressed  in  the  human  prostate  and  not  in 
the  mouse  prostate?  We  have  found  that  the  promoter  region 
of  PSMA  has  a  number  of  potential  sites  for  transcription  fac¬ 
tor  binding,  none  of  which  by  itself  would  be  responsible  for 
such  high  expression  in  the  prostate.  Usually,  the  strong  acti¬ 
vation  in  selected  tissues  is  attributable  to  an  enhancer  element. 
Using  an  enhancer  trap  strategy  in  which  restriction  digests  of 
the  PSMA  gene  were  shotgun  cloned  into  a  reporter  vector  con¬ 
taining  the  PSMA  promoter  and  Green  Fluorescent  Protein,  we 
have  identified  an  enhancer  in  the  third  intron  of  the  PSMA 
gene  (Watt  et  al,  manuscript  submitted).  This  enhancer  causes 
a  250-fold  increase  in  expression  of  the  reporter  in  LNCaP  cells 
over  the  level  seen  without  a  promoter  enhancer  construct,  and 
the  expression  nearly  equals  that  driven  by  a  viral  RSV  con¬ 
struct.  We  have  found  that  PSMA  is  decreased  in  expression  in 
the  presence  of  androgens.  Likewise,  the  reporter  associated 
with  the  enhancer  is  decreased  threefold  in  expression  in  re¬ 
sponse  to  androgens  in  the  LNCaP  cell  line.  In  patients  receiv¬ 
ing  neoadjuvant  hormone  deprivation,  however,  we  did  not  find 
a  significant  increase  in  PSMA  expression  in  the  remaining  can¬ 
cer.17  This  may  be  because  of  the  initial  high  level  of  expres¬ 
sion.  Using  the  corresponding  genomic  region  from  the  PSMA- 
like  gene,  which  is  97%  identical  in  sequence,  the  1  lq  region 
did  not  perform  as  an  enhancer  in  LNCaP  cells,  and  there  was 
no  increase  in  reporter  expression.  Expression  of  PMSA  ap¬ 
pears  differ  from  what  is  found  for  the  PSA  enhancer  and  the 
probasin  enhancer,  as  these  enhancers  work  in  both  human  and 
mouse  prostates. 


Table  2.  Effect  on  Cell  Proliferation  of  Transfection 
of  C4-2  Cells  and  MCF-7  Cells  and  Treatment  with 
250  fx M  5-Fluorocytosine 


%  of  Control 

C4-2  cells 

Sense 

30 

Antisense 

102 

MCF7  cells 

Sense 

100 

Antisense 

99 

Cells  were  plated  and  the  following  day  were  transfected  with 
plasmid  vector.  After  48  hours,  they  were  exposed  to  5-fluoro- 
cytosine  for  72  hours,  and  the  number  of  cells  was  determined 
with  an  MTS  assay.  Not  shown  are  the  results  with  HC-157  and 
HCT-8  cells,  which  were  like  MCF-7  cells  and  were  not 
responsive  to  the  PSMA  promoter/enhancer. 


PSMA  ENHANCER-DRIVEN  GENE  THERAPY 

The  PMSA  enhancer  can  be  used  to  drive  expression  of  genes 
that  have  potential  therapeutic  benefit  in  prostate  cancer  cells. 
We  have  done  this  initially  with  cytosine  deaminase  (Table  2).18 
Basically,  when  we  transfect  either  the  LNCaP  derivative  line 
C4-2  (prostate  cancer)  or  MCF-7  (breast  cancer)  cells  with  the 
PSMA  promoter/enhancer  construct  linked  to  cytosine  deami¬ 
nase  in  either  the  sense  or  antisense  orientation  and  expose  the 
cells  to  the  prodrug  5-fluorocytosine  48  hours  later,  the  C4-2 
cells  are  killed  with  the  cytosine  deaminase  is  expressed  (sense 
construct)  but  not  when  the  cytosine  deaminase  is  in  the  anti- 
sense  orientation  and  the  protein  thus  is  not  expressed.  There 

Table  3.  Effect  of  PZ-1  (Anti-PSMA)  and  NTP 
(Negative  Control)  Retroviral-Transfected 
Peripheral  Blood  Lymphocytes  from  Patients 
with  Prostate  Cancer  in  Inducing  Lysis 
of  PSMA-Positive  and  -Negative  Cells 


Cell  line 

Effector : 

3:1 
%  lysis 

target  ratio 

50:1 
%  lysis 

LNCaP 

Pz-1 

Pt  1 

30 

90 

Pt  2 

25 

67 

Pt  3 

22 

72 

NTP 

Pt  1 

0 

5 

Pt  2 

0 

5 

Pt  3 

18 

30 

E14  (PSMA  positive) 

Pz-1 

Pt  1 

50 

100 

Pt  2 

25 

70 

Pt  3 

20 

50 

NTP 

Pt  1 

0 

0 

Pt  2 

0 

5 

Pt  3 

0 

5 

E14  (PSMA  negative) 

Pz-1 

Pt  1 

0 

0 

Pt  2 

0 

5 

Pt  3 

0 

5 

NTP 

Pt  1 

0 

0 

Pt  2 

0 

5 

Pt  3 

0 

5 

The  PBL  from  three  patients  with  prostate  cancer  were 
transduced  with  either  Pz-1  or  NTP.  Transduced  PBL  were 
incubated  for  4  hours  at  effector : target  ratios  of  either  3: 1  or 
50:1  with  10,000  51Cr-labeled  target  cells  at  37°C.  The 
chromium  released  was  measured  as  a  percentage  of  total 
releasable  chromium  relative  to  that  spontaneously  released. 
Triplicate  supernatant  samples  were  counted  using  an  auto¬ 
mated  gamma  counter.  The  PC-3  cells,  transfected  with  PSMA 
or  not,  exhibited  a  lytic  response  similar  to  that  exhibited  by 
E14  murine  thymoma  cells.  (Modified  from  Gong  et  al20). 
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also  is  tissue  specificity,  in  that  the  same  construct,  when  trans¬ 
fected  into  MCF-7  cells  or,  indeed,  into  a  number  of  other  cell 
lines,  is  not  toxic.  What  remains  to  be  determined  is  whether 
the  strong  expression  of  PSMA  in  the  tumor-associated  neo¬ 
vasculature  is  driven  by  the  same  transcription  factor  and  the 
same  enhancer  region.  We  are  currently  developing  models  that 
will  allow  us  to  ask  this  question  directly.  They  appear  to  re¬ 
quire  human  cells  because  to  date,  we  have  not  observed  PSMA 
expression  in  the  neovasculature  of  tumors  in  mice.  The  avail¬ 
able  antibodies  that  react  with  the  cell  surface  of  the  highly  ex¬ 
pressed  prostate  cancer  antigen  could  also  enhance  the  deliv¬ 
ery  of  DNA-based  gene  therapy  to  tumors,  furthering  antitumor 
specificity. 


ANTIBODY  TARGETING-T  BODIES 

Antibodies  to  the  external  domain  of  PSMA  have  a  further 
potential  utility:  they  can  be  used  for  the  creation  of  T  bodies 
against  PSMA  antigen.  In  current  immune  strategies,  many  in¬ 
vestigators  are  using  tissue-specific  antigens  to  enhance  the  de¬ 
velopment  of  a  cellular  or  humoral  response  by  the  patient 
against  his  tumor.  To  induce  a  cellular  response,  many  inves¬ 
tigators  are  using  peptides  and  dendritic  cells  to  generate  a  spe¬ 
cific  immune  response,  and  initial  studies  using  PSMA-specific 
peptides  have  produced  responses.19  There  are  some  drawbacks 
to  the  cellular  approach  in  that  it  requires  the  tumor  cells  to  pre¬ 
sent  a  peptide  fragment  in  an  MHC-specific  context.  Some  tu¬ 
mors  downregulate  MHC  expression,  and  different  peptides  will 
be  presented  with  the  different  MHC  molecules  in  different  pa¬ 
tients.  However,  T  bodies  overcome  both  of  these  difficulties. 
Basically,  in  a  T  body,  the  T-cell  receptor  is  modified  so  that 
the  signaling  no  longer  requires  presentation  of  a  peptide  but  is 
engineered  to  be  activated  by  recognition  of  a  cell-surface  pro¬ 
tein.  In  a  T  body,  the  gene  encoding  the  protein  region  re¬ 
sponsible  for  the  specificity  of  the  antibody  is  used  to  generate 
a  single-chain  antibody.  This  antibody  is  then  used  to  generate 
a  chimeric  protein  in  which  the  external  domain  has  the  cloned 
single-chain  antibody  plus  the  internal  signaling  domain  of  the 
T-cell  receptor  for  activation  and  killing  of  the  cell  bearing  the 
antigen  recognized  by  the  antibody. 

We  have  therefore  created  a  retroviral  vector,  Pz-1,  with  the 
single-chain  J-591  antiPSMA  antibody,  the  hinge  and  trans¬ 
membrane  domain  of  CD-8,  and  the  T-cell  receptor  zeta-chain 
cytoplasmic  domain.20  This  construct  was  transduced  into  pa¬ 
tients’  peripheral  blood  lymphocytes  (PBL)  with  gibbon  ape 
leukemia  virus  envelope  pseudotyped  virions.  Gene  transfer 
was  found  to  be  20%  to  50%  efficient  in  both  CD4  and  CD8 
cells,  as  monitored  by  fluorescence-activated  cell  sorting.  Mon¬ 
itoring  of  these  anti-PSM A  T  bodies  demonstrated  selective  and 
effective  toxicity  toward  PSMA-expressing  cells,  as  human 
LNCaP  cells  were  lysed,  as  were  human  PC-3  cells  and  murine 
E14  cells  that  had  been  transfected  with  PSMA  (Table  3).  Con¬ 
trol  cells  did  not  demonstrate  similar  levels  of  lysis  when  the 
controls  were  PSMA-negative  cells  or  PBL  transfected  with  a 
low-affinity  nerve  growth  factor  receptor,  NTP.  The  antibody 
J-591  has  been  used  clinically  and  exhibited  no  toxicity.  Stud¬ 
ies  with  this  antibody  linked  to  toxins  such  as  radionuclides 
have  demonstrated  that  the  antibody  localizes  to  tumor  in  vivo, 
even  to  sites  of  bony  metastatic  disease.21  Thus,  it  is  likely  that 


these  strategies  employing  anti-PSMA  antibodies,  whether 
linked  with  toxins  or  in  the  form  of  T  bodies,  will  provide  a 
potential  approach  to  the  treatment  of  prostate  cancer. 
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et  al.,  1997;  Silver  et  al.,  1997;  Chang  et  al.,  1999). 


Prostate-specific  membrane  antigen  (PSMA)  is  an 
integral  membrane  protein  that  is  highly  expressed  on 
the  surface  of  prostate  epithelial  cells.  It  is  also  ex¬ 
pressed  on  the  vascular  endothelium  of  a  number  of 
tumor  types.  We  have  used  an  enhancer  trap  approach 
with  randomly  cleaved  overlapping  DNA  fragments 
from  an  approximately  55-kb  PI  cosmid  insert  encom¬ 
passing  the  5'  half  and  upstream  sequences  of  the 
PSMA  gene  ( FOLH1 )  to  isolate  an  enhancer  that 
strongly  activates  the  FOLH1  core  promoter  region. 
The  enhancer  (PSME)  is  located  in  the  third  intron 
about  12  kb  downstream  from  the  start  site  of  tran¬ 
scription  and  is  characterized  by  a  72-bp  direct  repeat 
within  a  331-bp  core  region.  The  PSME  activates  tran¬ 
scription  from  its  own  and  heterologous  promoters  in 
prostate  cell  lines;  enhancement  is  greatest  in  the 
PSMA-expressing  cell  line  LNCaP  (>250-fold).  The 
PSME  shows  essentially  no  activity  in  five  nonprostate 
cell  lines.  PSME-enhanced  expression  is  repressed  in 
the  presence  of  androgen,  mimicking  the  repression  of 
the  endogenous  FOLH1  gene.  The  data  demonstrate 
that  both  cell-type  specificity  and  androgen  regulation 
are  intrinsic  properties  of  the  enhancer.  These  prop¬ 
erties  make  the  PSME  an  excellent  candidate  for  reg¬ 
ulation  of  gene  expression  in  gene  therapy  approaches 
to  prostate  cancer.  ©  2001  Academic  Press 


INTRODUCTION 

fi  Prostate-specific  membrane  antigen  (PSMA)  is  a 
]  100-kDa  glycoprotein  that  is  an  important  biomarker 
of  prostate  epithelial  cells  (Israeli  et  al.,  1993;  Fair  et 
al.,  1997)  and  has  more  recently  been  found  to  be 
present  in  the  neovasculature  of  a  range  of  tumors  (Liu 

Sequence  data  from  this  article  have  been  deposited  with  the 
EMBL/GenBank  Data  Libraries  under  Accession  No.  AF007544. 

1  To  whom  correspondence  should  be  addressed.  Telephone:  61  2 
9490  5168.  Fax:  61  2  9490  5005.  E-mail:  peter.molloy@molsci. 
csiro.au. 


PSMA  was  first  identified  as  the  antigen  interacting 
with  a  prostate-specific  monoclonal  antibody,  7E11- 
C5.3,  that  had  been  raised  against  a  membrane  frac¬ 
tion  of  the  prostate  cancer  cell  line,  LNCaP 
(Horoscewicz  et  al.,  1987).  PSMA  has  been  shown  to 
possess  two  related  enzymatic  activities:  it  acts  as  a 
carboxypeptidase  (folate  hydrolase)  on  poly-y-gluta- 
mated  folates  (Pinto  et  al.,  1996)  and  as  a  peptidase  on 
the  acidic  neuropeptide  V-acetylaspartyl  glutamate 
(Carter  et  al.,  1996).  This  latter  activity  is  consistent 
with  the  expression  of  PSMA  or  a  related  protein  in  the 
brain  (Israeli  et  al.,  1994).  The  role  of  PSMA  in  prostate 
biology  is  not  yet  understood. 

The  cDNA  and  gene  encoding  PSMA  ( FOLH1 ,  for 
folate  hydrolase  1,  see  http://www.gene.ucl.ac.uk/ 
nomenclature/)  have  been  cloned,  and  their  sequences 
and  the  exon/intron  structure  of  the  gene  have  been 
determined  (O’Keefe  et  al.,  1998).  The  FOLH1  gene  is 
located  at  chromosome  llpll-pl2,  includes  19  exons, 
and  stretches  over  approximately  60  kb.  A  homologous 
but  not  identical  gene  is  located  at  chromosome  llql4 
(O’Keefe  et  al.,  1998;  Rinker-Schaeffer  et  al.,  1995; 
Leek  et  al.,  1995).  The  mRNA  encoding  PSMA  is  2.65 
kb  long,  and  a  variant,  Psm',  that  has  spliced  out  part 
of  the  first  exon  has  also  been  identified  (Su  et  al., 
1995).  The  protein  encoded  by  the  Psm'  splice  variant 
lacks  the  membrane  anchor  domain  and  has  been 
shown  to  be  cytoplasmically  located  (Troyer  et  al., 
1995). 

The  7E11-C5.3  antibody  that  binds  to  an  internal 
epitope  of  PSMA  (Troyer  et  al.,  1995,  1997)  and  others 
that  bind  to  external  epitopes  (Liu  et  al.,  1997;  Murphy 
et  al.,  1996)  have  been  used  in  immunohistochemical 
studies  to  identify  sites  of  PSMA  expression.  In  addi¬ 
tion  to  its  major  site  of  expression  in  prostate  epithe¬ 
lium,  expression  has  been  seen  in  the  duodenum  brush 
border/small  intestine,  in  a  subset  of  proximal  tubules 
in  the  kidney,  and  in  rare  cells  in  the  colon  (Silver  et 
al.,  1997;  Wright  et  al.,  1995;  Lopes  et  al.,  1990).  All 
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other  normal  tissues  studied  have  been  negative  for 
expression,  except  for  striated  muscle,  which  stains 
with  the  7E11-C5  antibody,  but  not  with  antibodies  to 
the  external  domain  of  PSMA  (Liu  et  al.,  1997).  RNA 
expression  has  been  found  largely  to  parallel  the  pro¬ 
tein  expression  data.  RNase  protection  analysis  iden¬ 
tified  PSMA  mRNA  in  the  prostate,  salivary  gland,  and 
brain  and  sometimes  in  the  small  intestine  (Israeli  et 
al.,  1994).  More  sensitive  assays  using  RT-PCR  have 
allowed  detection  of  PSMA  mRNA  in  a  number  of  other 
tissues  but  the  levels  have  not  been  quantified  (Ren- 
neberget  al.,  1999).  The  identification  of  PSMA  RNA  in 
the  brain  is  consistent  with  the  cloning  of  a  closely 
related  cDNA  from  rat  brain  (Carter  et  al.,  1996).  More 
recently,  both  7E11-C5  and  external  domain  antibod¬ 
ies  have  been  shown  to  react  with  the  vasculature  of  a 
wide  range  of  tumor  types  (Liu  et  al.,  1997;  Silver  et  al., 
1997;  Chang  et  al.,  1999).  PSMA  expression  has  not 
been  identified  in  any  normal  vasculature,  indicating  a 
specific  induction  of  expression  in  tumor  neovascula¬ 
ture. 

Unlike  other  prostate-specific  proteins  that  have 
been  studied  (PSA,  prostatic  steroid  binding  proteins, 
prostatic  acid  phosphatase,  and  probasin),  PSMA  ex¬ 
pression  is  not  induced  by  androgens.  Indeed,  it  has 
been  shown  to  be  down-regulated  in  the  presence  of 
androgens  in  cell  culture,  and  expression  is  generally 
elevated  in  late-stage  prostate  cancer  and  in  patients 
undergoing  androgen  deprivation  or  ablation  therapies 
(Israeli  et  al.,  1994;  Wright  et  al.,  1996).  Among  pros¬ 
tate-expressed  genes,  the  regulatory  regions  of  the  PSA 
and  rat  probasin  genes  are  the  best  studied.  The  prox¬ 
imal  promoter  of  the  probasin  gene  is  able  to  direct 
prostate-specific  expression  both  in  cell  culture  and  in 
transgenic  animals  (Kasper  et  al.,  1994;  Greenberg  et 
al.,  1994;  Brookes  et  al.,  1998),  while  a  longer,  11-kb 
region  upstream  of  the  gene  provides  for  much  stronger 
prostate-specific  expression  (Yan  et  al.,  1997).  Expres¬ 
sion  directed  by  the  core  probasin  promoter  is  strongly 
dependent  on  androgens  (Rennie  et  al.,  1993).  The  core 
promoter  region  of  the  PSA  gene  is  also  strongly  an¬ 
drogen  dependent  (Reigman  et  al.,  1991)  but  shows 
little  specificity  of  expression  (Brookes  et  al.,  1998; 
Schaffner  et  al.,  1995;  Schuur  et  al.,  1996);  a  variant 
promoter  isolated  from  prostate  cancer  tissue  has  been 
shown  to  be  specifically  active  in  prostate  cells  (Pang  et 
al.,  1995).  Strong  prostate  specificity  that  is  also  an¬ 
drogen-dependent  is  conferred  by  an  enhancer  (pros¬ 
tate-specific  enhancer,  PSE)  that  is  located  about  4  kb 
upstream  of  the  PSA  transcription  start  site  (Schuur  et 
al.,  1996;  Cleutjens  et  al.,  1997). 

We  have  previously  reported  that  the  proximal  1-kb 
promoter  of  the  FOLH1  gene  can  direct  reporter  gene 
expression  in  prostate  cells  (O’Keefe  et  al.,  1998)  but 
this  has  proved  to  be  low  relative  to  strong  constitutive 
promoters  such  as  those  of  Rous  sarcoma  virus  (RSV) 
and  human  cytomegalovirus  (CMV).  Here  we  report 
the  identification  and  characterization  of  a  strong  pros¬ 
tate-specific  enhancer  in  the  third  intron  of  the  FOLH1 


gene.  The  enhancer  appears  to  be  the  major  regulatory 
element  for  prostate-specific  expression  of  the  FOLH1 
gene  and  should  prove  to  be  particularly  useful  for 
targeting  gene  expression  to  prostate  cells. 

MATERIALS  AND  METHODS 


Enhancer  trap  vector.  pPSMentrap  (Fig.  1)  contains  the  plasmid 
backbone  including  the  ampicillin  resistance  gene  and  origin  of  rep1* 
lication  from  the  pCI  vector  (Promega,  Madison,  WI).  It  was  made  by  * 
first  replacing  the  SV40  polyadenylation  signal  with  that  of  the 
bovine  growth  hormone  gene  (bGH,  construct  kindly  provided  by  P. 
Porronik).  The  green  fluorescent  protein  gene  (GFP)  was  inserted 
between  the  intron  sequence  and  the  bGH  polyadenylation  region, 
and  the  human  CMV  immediate-early  enhancer/promoter  was  re¬ 
placed  by  the  FOLH1  promoter  region  stretching  from  base  1386  to 
base  2560  IXha I  site)  of  the  FOLHl  sequence  (GenBank  Accession 
No.  AF007544).  Finally,  a  polylinker  containing  restriction  sites  for 
the  enzymes  Kpn\,  ffbidlll,  Sail,  Mfel,  Nsil,  Bgll,  Nhel,  and  Spel 
was  cloned  immediately  upstream  of  the  PSM  promoter.  Further 
details  are  available  from  the  authors. 

pCAT3SAT plasmids.  The  pCAT3SAT  vector  contains  a  modified 
bacterial  CAT  reporter  gene  for  determining  promoter  activity  and  a 
reference  reporter  gene,  SAT,  under  the  control  of  the  RSV  promoter 
to  normalize  CAT  expression  for  transfection  efficiency.  It  was  pre¬ 
pared  by  cloning  the  serine  acetyl  transferase  reporter  gene  from  the 
pCATSAT  plasmid  (Brookes  et  al.,  1998)  as  a  SalVBamHl  fragment 
into  BarnHI-,  Scr/I-cut  pCAT3  vector  (Promega).  Constructs 
pPSMlk-C3S  and  pEn4PSMlk-C3S,  containing  the  FOLHl  pro¬ 
moter  with  or  without  the  FOLHl  enhancer  fragment  4  (En4),  were 
prepared  by  cloning  the  FOLHl  enhancer/promoter  fragments  as 
Sall/Pstl  fragments  from  the  pPSMentrap  vector  into  pCAT3SAT  cut 
at  theX/ml  and  Pstl  sites  in  the  polylinker  upstream  of  the  CAT  gene 
(Fig.  2).  A  control  construct  containing  the  RSV  promoter,  pRSV- 
C3S,  was  also  prepared  by  blunt  end  ligation  of  a  Noel  to  SocI 
fragment  from  pCATSAT  (Brookes  et  al.,  1998)  into  the  Nhel  site  of 
pCAT3SAT  (Fig.  2). 

pGL3  plasmids.  Because  of  the  low  level  of  activity  of  the  FOLHl 
1-kb  promoter  in  the  CAT  assay  system,  promoter  and  enhancer 
sequences  were  cloned  into  the  pGL3  vector  (Promega),  which  con¬ 
tains  the  luciferase  reporter  gene.  The  structure  of  the  clones  is 
shown  in  Fig.  2.  pPSMlk-GL3  and  pEn4PSMlk-GL3  were  prepared 
by  cloning  Kpnl  to  Xhal  fragments  from  pPSMlk-C3S  and 
pEn4PSMlk-C3S,  respectively,  into  pGL3  cut  with  Kpnl  and  Nhel. 
pEn3PSMlk-GL3  was  prepared  by  cloning  the  Kpnl  to  Nhel  en¬ 
hancer  fragment  of  pEn3PSMentrap  into  pEn4PSMlk-GL3  cut  with 
Kpnl  and  Nhel.  Details  of  the  construction  of  plasmids 
pEn3  +  4PSMlk-GL3  (where  En3  +  4  refers  to  the  entire  region 
spanned  by  enhancer  clones  3  and  4)  (Fig.  2),  pEn3/4aPSMlk-GL3, 
and  pEn3/4bPSMlk-GL3  (where  En3/4  refers  to  the  region  common  ^ 
to  both  enhancer  clones  3  and  4,  and  where  a  and  b  represent  ' 
opposite  orientations  of  En3/4)  (Fig.  2)  can  be  obtained  from  the 
authors.  A  series  of  deletion  mutants  of  En3/4,  the  region  overlapped  ^ 
by  enhancer  clones  3  and  4,  was  prepared  to  determine  the  minimum  ' 
region  required  for  transcriptional  activation  of  the  FOLHl  1-kb  core 
promoter  (Fig.  3).  The  deletion  series  of  clones  pEnb770PSMlk-GL3, 
PEnb614PSMlk-GL3,  pEnb592PSMlk-GL3,  PEnb445PSMlk-GL3, 
pEnb331PSMlk-GL3,  and  pEnbl68PSMlk-GL3  was  initially  con¬ 
structed  using  En3/4b  in  pBluescript.  Existing  restriction  sites  were 
used  to  delete  sequences  from  one  end  of  En3/4b,  generating  a  series 
of  clones  with  progressively  shortened  inserts.  The  shortened  inserts 
were  then  subcloned  in  front  of  the  FOLHl  1-kb  core  promoter.  The 
deletion  clones  pEna430PSMlk-GL3,  pEna722PSMlk-GL3,  and 
pEna886PSMlk-GL3  were  similarly  constructed  except  that  En3/4a 
was  used  instead  of  En3/4b  to  delete  sequences  from  the  opposite  end 
of  the  insert. 
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Constructs  with  heterologous  promoters.  For  the  PSA  and  pro¬ 
basin  constructs,  the  enhancer  region,  En4,  was  cloned  as  an  Nhe I 
fragment  from  the  pEn4PSMlk-C3S  plasmid  into  the  Xfoal-cut  plas¬ 
mids  pPSA630  CATSAT  and  pPb430  CATSAT,  respectively  (by  par¬ 
tial  digestion  with  Xbal  for  the  probasin  construct). 
pPSA630CATSAT  and  pPb430CATSAT  have  been  described  previ¬ 
ously  (Brookes  et  al.,  1998).  The  plasmid  pTKCATSAT.l  was  pre¬ 
pared  by  cloning  the  TK  promoter  region,  bases  —101  to  +59,  as  a 
Sail  to  Xhol  fragment  into  the  Sall-cnt  vector  pCATSAT.l  (Brookes 
-et  al.,  1998).  pEn4TKCATSAT  was  prepared  by  cloning  the  SaZI  to 
:Jr  Bglll  enhancer-containing  fragment  from  pEn4PSMentrap  into  pT¬ 
KCATSAT.l  cut  with  Sail  and  partially  cut  with  BarnHl. 

‘ DNA  Preparations 

DNA  was  isolated  by  the  alkaline  lysis  method  followed  by  either 
CsCl/ethidium  bromide  gradient  centrifugation  or  purification  using 
BRESApure  columns  (Bresatec,  Adelaide,  South  Australia,  Austra¬ 
lia),  according  to  the  manufacturer’s  protocols.  For  pGL3  constructs, 
master  mixes  of  each  plasmid  and  the  reference  plasmid,  pRSVCAT, 
were  prepared.  DNA  concentrations  were  determined  by  image  anal¬ 
ysis  of  ethidium  bromide-stained  gels  and  master  mixes  prepared  in 
the  ratio  of  1.5  gg  of  pGL3  construct  to  1  gg  of  pRSVCAT.  The  same 
master  mixes  were  used  for  transfections  into  all  cell  lines. 

Cell  Lines  and  Transfections 

The  cell  lines  used  and  their  conditions  for  growth  have  been 
described  previously  (Brookes  et  al.,  1998).  Here  3.5-cm  dishes  were 
transfected  with  2.5  gg  of  either  individual  plasmids  for  the  pCAT- 
SAT  and  pCAT3SAT  clones  or  plasmid  mixes  for  the  pGL3  clones. 
Transfection  reagents  for  each  cell  line  were  as  described  previously 
(Brookes  et  al.,  1998)  except  that  transfection  of  MRC-5  cells  was 
achieved  using  Superfect  (Qiagen).  Transfections  and  subsequent 
incubations  were  performed  using  serum  that  had  been  charcoal- 
stripped  to  remove  androgens,  except  in  the  case  of  LAPC-4,  for 
which  normal  serum  was  used.  Where  indicated,  the  synthetic  an¬ 
drogen  analogue  R1881  (Dupont,  Boston,  MA)  was  added  back  to  the 
medium  during  the  transfection  and  subsequent  culture  of  cells.  Two 
days  following  transfection,  cells  were  harvested  and  extracts  were 
prepared  for  reporter  gene  assays.  For  luciferase  constructs,  cell 
lysates  were  prepared,  and  luciferase  activity  was  measured  using 
the  Luciferase  Assay  System  (Promega).  An  aliquot  of  the  lysate  was 
taken  for  determination  of  CAT  activity.  Luciferase  expression  levels 
were  normalized  with  respect  to  the  pRSVCAT  internal  control.  For 
pCATSAT  and  pCAT3SAT  plasmids,  cells  were  harvested  and  assays 
for  CAT  and  SAT  activity  were  performed  as  described  previously 
(Brookes  et  al.,  1998).  CAT  activities  were  normalized  with  respect  to 
SAT  expression. 

RESULTS 

Analysis  of  the  region  upstream  and  encompassing 
the  transcription  start  site  of  the  FOLH1  gene  (O’Keefe 
et  al.,  1998)  has  shown  that  a  1-kb  region  directs  ex- 
v  pression  of  reporter  genes  in  the  prostate  cell  line  LN- 
CaP.  Within  this  a  600-bp  region  has  been  shown  to  act 
*  as  a  minimal  promoter  (Good  et  al.,  1999).  Since  ex¬ 
pression  from  this  proximal  promoter  was  low,  a  strat¬ 
egy  was  developed  to  allow  screening  of  cosmid  clones 
encompassing  the  FOLH1  gene  for  DNA  fragments 
that  could  enhance  transcription  directed  by  its  1-kb 
proximal  promoter. 

The  1-kb  promoter  was  cloned  in  front  of  the  GFP 
gene  in  the  plasmid  vector  pPSMentrap  shown  in  Fig. 
1.  The  polylinker  in  the  vector  includes  a  range  of  sites 
for  cloning  complete  or  partial  restriction  enzyme  di¬ 
gestion  products  upstream  of  the  promoter.  The  vector 


pPSMentrap 

bGH  polyA 


Clone  #1 

Clone  #3 

Clone  #4 

14,045 

14,760 

15,804 

■  16,575  “*• 

1  ■ 

■ _ 

_ J 

T 

1  II 

1 

Nh 

Sm  H  Sp 

Nh 

Exon  3 

Intron  3 

Exon  4 

FIG.  1.  pPSMentrap  vector  and  cloned  enhancer  fragments.  Key 
features  of  the  vector  are  shown  in  the  upper  part  of  the  figure.  The 
vertical  arrow  indicates  the  location  of  the  polylinker  containing 
Kpnl,  Hin&lll,  Sail,  Mfel,  Nsil,  Bgll,  Nhel,  and  Spe I  restriction  sites. 
Fragments  of  the  PSM  gene  were  cloned  into  the  Mfel  site  upstream 
of  the  PSM  promoter  (indicated  by  the  vertical  arrow).  In  the  lower 
part  of  the  figure  is  shown  the  location  of  the  cloned  enhancer 
fragments  within  intron  3  of  the  FOLH1  gene.  Base  numbers  (Gen- 
Bank  Accession  No.  AF007544)  are  indicated  for  the  ends  of  the 
cloned  segments;  intron  3  spans  bases  10,812  to  18,274.  The  loca¬ 
tions  of  the  restriction  sites  Smal  (Sm),  ffindlll  (H),  and  Spe  I  (Sp) 
within  the  intron  and  for  two  Nhel  (Nh)  sites  are  shown.  The  arrows 
indicate  the  orientation  of  the  cloned  sequences  within  the  pPSMen¬ 
trap  vector.  The  right-hand  end  of  enhancer  clone  1  is  shown  as  a 
stippled  box  since  this  end  of  the  clone  has  undergone  rearrange¬ 
ment.  The  Smal,  Hindlll,  and  Spel  sites  are  present  in  all  three 
cloned  regions. 

alone  gives  only  very  weak  fluorescence  following 
transfection  into  LNCaP  cells,  in  comparison  with  a 
control  plasmid  in  which  the  GFP  gene  is  under  the 
control  of  the  human  CMV  enhancer/promoter.  DNA  of 
the  bacteriophage  PI  cosmid  Pl-683,  which  contains 
the  5'  half  and  upstream  flanking  sequence  of  the 
FOLH1  gene  (O’Keefe  et  al.,  1998),  was  digested  for 
various  times  with  the  enzyme  Tsp509l,  which  cuts  at 
AATT  sites,  generating  a  range  of  partial  digestion 
products.  These  were  separated  by  agarose  gel  electro¬ 
phoresis  and  fragments  in  the  size  range  1  to  2  kb  were 
recovered  and  cloned  into  the  Mfel  site  of  the  pPSMen¬ 
trap  vector.  A  library  of  about  600  individual  clones 
was  assessed  by  transfection  into  LNCaP  cells  and 
fluorescence  microscopy.  After  three  rounds  of  screen¬ 
ing  matrices  of  pooled  clones,  three  clones  (1,  3,  and  4) 
showing  cells  with  the  strongest  GFP  expression  rela¬ 
tive  to  the  FOLH1  1-kb  promoter  alone  were  isolated 
and  further  characterized. 

Location  and  Sequence  Analysis  of  Enhancing 

Fragments 

Sequence  analysis  allowed  identification  of  the  ends 
of  the  cloned  segments.  All  three  clones  were  found  to 
originate  from  the  third  intron  of  the  FOLH1  gene  12 
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FIG.  2.  PSM  enhancer  function  in  LNCaP  cells.  Maps  to  the  left  show  the  positions  of  the  PSMlk  promoter  (ISll),  PSM  enhancer 
sequences  (■),  and  the  RSV  (ESI)  promoter  directing  expression  of  either  the  CAT  or  luciferase  reporter  genes  in  the  pCAT3SAT  and  pGL3 
vectors,  respectively.  To  the  right  of  the  promoters  and  transcription  start  sites  (arrows)  is  the  leader  sequence  and  chimeric  intron  followed 
by  the  CAT  or  luciferase  reporter  gene.  Restriction  enzyme  sites  for  //indlll  (H)  and  Spe I  (Sp)  in  the  enhancer  indicate  its  orientation. 
Expression  levels  determined  following  transfection  into  LNCaP  cells  are  normalized  using  the  cotransfected  reporter  genes  (see  Materials 
and  Methods)  and  expressed  in  arbitrary  units.  Results  were  determined  from  one  to  four  experiments  in  which  each  construct  was  assayed 
in  duplicate;  standard  errors  are  indicated. 


to  14  kb  downstream  of  the  transcription  start  sites  as 
shown  in  Fig.  1.  The  inserts  in  clones  3  and  4  were 
aligned  in  opposite  orientations  relative  to  the  FOLH1 
promoter  in  the  pPSMentrap  vector.  The  clones  share  a 
common  overlapping  sequence  of  1044  bp  and  extend  in 
total  over  2530  bp.  Sequence  analysis  and  restriction 
mapping  data  verify  that  they  correspond  to  the  parent 
cosmid  sequence.  The  third  clone,  No.  1,  was  derived 
from  the  same  region  and  also  contained  the  Smal, 
Hindlll,  and  Spe  I  sites  common  to  clones  3  and  4.  Its 
1.8-kb  insert  comprises  two  smaller  fragments  contain¬ 
ing  sequences  at  the  5'  end  of  clone  4,  one  with  an  end 
identical  to  that  of  clone  4  and  the  other  with  an  end  6 
bp  upstream  of  the  end  of  clone  4.  As  the  sequences  in 
clone  1  are  fully  contained  within  those  of  clones  3  and 
4,  it  has  not  been  further  studied. 

Function  of  PSMA  Enhancer  Region 

To  provide  for  quantitative  determination  of  pro¬ 
moter  and  enhancer  function,  enhancers  3  and  4  (here¬ 
after  designated  En3  and  En4)  in  combination  with  the 
FOLH1  1-kb  promoter  (PSMlk)  were  recloned  into  the 
pGL3  vector  that  carries  the  luciferase  reporter  gene  or 
pCAT3SAT  that  carries  the  chloramphenicol  acetyl 
transferase  (CAT)  reporter  gene  and  the  transfection 
control  reporter  gene,  serine  acetyl  transferase  (SAT) 
under  the  control  of  the  RSV  promoter.  The  orientation 
of  the  enhancer  fragments  (Fig.  2)  is  indicated  by  the 
relative  position  of  the  HindlW  and  Spel  sites;  En4  is  in 
the  same  orientation  as  the  enhancer  in  its  natural 
position  in  the  third  intron  of  the  FOLH1  gene.  Follow¬ 
ing  transfection  of  plasmids  into  a  number  of  cell  lines, 
reporter  gene  expression  was  measured  at  48  h  (Figs.  2 
and  3).  Expression  levels  were  normalized  by  dividing 


by  the  activity  of  the  cotransfected  internal  control 
plasmid  pRSV-CAT  or  by  SAT  activity  as  appropriate. 
Since  maximal  expression  of  PSMA  is  seen  in  the  ab¬ 
sence  of  androgens,  during  and  after  transfection  cells 
were  maintained  in  medium  containing  serum  that 
had  been  charcoal-stripped  to  remove  androgens,  ex¬ 
cept  for  the  androgen-dependent  LAPC-4  cells. 

In  LNCaP  cells  (Fig.  2),  an  enhancement  of  expres¬ 
sion  of  approximately  60-fold  relative  to  the  PSMlk 
promoter  was  seen  when  the  En3  or  En4  fragment  was 
placed  adjacent  to  the  PSMlk  promoter  in  the 
pCAT3SAT  vector.  Data  obtained  using  the  more  sen¬ 
sitive  luciferase  reporter  gene  showed  similar  high  lev¬ 
els  of  enhancement  of  expression  from  the  PSMlk  pro¬ 
moter  (300-  and  270-fold)  by  En3  and  En4  with  the 
absolute  level  of  expression  reaching  15  to  16%  of  that 
of  the  RSV  promoter.  Expression  directed  by  the  full 
2.5-kb  region  encompassing  En3  and  En4 
(pEn3+4PSMlk-GL3)  was  about  2-fold  higher  than 
that  of  either  enhancer  alone,  while  activity  of  the 
overlapping  1-kb  region  of  the  two  (pEn3/4PSMlk- 
GL3)  was  similar  to  that  of  either  En3  or  En4.  The 
enhancing  activity  of  an  11-kb  Nhel  fragment  encom¬ 
passing  all  of  intron  3  and  extending  into  intron  4  was 
also  assessed  and  found  to  be  about  half  that  of  the 
En3  +  4  region  (data  not  shown),  indicating  that  the 
cloned  region  included  the  full  enhancer.  The  oppo¬ 
sitely  oriented  En3  and  En4,  as  well  as  both  orienta¬ 
tions  of  the  overlapping  region  of  the  two,  En3/4, 
strongly  enhanced  expression. 

Mapping  the  Core  Enhancer  Region  in  En3/4 

The  1044-bp  overlapping  region  between  En3  and 
En4,  En3/4,  was  shown  to  retain  a  level  of  transcrip- 
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FIG.  3.  Assessment  of  enhancer  deletion  mutants  in  LNCaP  cells.  A  series  of  deletion  mutants  of  En3/4  was  placed  immediately  in  front 
of  the  PSMlk  promoter  in  pGL3  to  determine  the  minimum  region  required  for  transcriptional  enhancement.  Luciferase  pGL3  reporter 
constructs  were  cotransfected  into  LNCaP  cells  with  an  RSV-CAT  control  plasmid,  and  reporter  gene  activities  were  measured  48  h  later. 
Data  are  expressed  as  luciferase  activity  normalized  with  respect  to  the  cotransfected  RSV-CAT  gene  expression.  S,  Spe I;  H,  HinAlll. 


tional  enhancement  of  the  PSMlk  promoter  similar  to 
that  of  En3  or  En4  alone,  in  LNCaP  cells.  To  define  the 
smallest  region  in  En3/4  that  is  sufficient  for  transcrip¬ 
tional  activation  of  the  PSMlk  promoter,  a  series  of 
deletion  mutants  of  En3/4  was  constructed,  and  their 
activity  was  measured  following  transfection  into  LN¬ 
CaP  cells  (Fig.  3).  Successive  deletions  from  the  right- 
hand  end  of  En3/4  showed  that  most  of  the  enhancer 
activity  is  contained  within  a  331-bp  region  extending 
from  the  left  end  of  En4  to  the  Srnal  restriction  site 
(pEnb331PSMlk-GL3).  Further  reducing  the  size  of 
this  region  by  half  to  168  bp  (pEnbl68PSMlk-GL3)  is 
deleterious  as  enhancer  activity  is  diminished  to  less 
than  20%  of  that  of  the  331-bp  region.  Deletion  from 
the  left  end  of  the  overlap  of  either  the  331-bp  fragment 
(pEna722PSMlk-GL3)  or  the  168-bp  fragment 
(pEna886PSMlk-GL3)  completely  eliminated  en¬ 
hancer  activity.  The  first  half  of  the  331-bp  region 
(pEnbl68PSMlk-GL3)  is  essential,  therefore,  to  effect 
transcriptional  enhancement  from  the  PSMlk  pro¬ 
moter,  and  the  second  half,  while  not  active  on  its  own 
(pEna886PSMlk-GL3),  confers  a  high  level  of  tran¬ 
scriptional  enhancement  in  conjunction  with  the  first 
half  (pEnb331PSMlk-GL3).  The  331-bp  fragment 
therefore  comprises  a  core  region  that  is  essential  to 
enhancer  activity  in  LNCaP  cells. 

Enhancer  Function  in  Different  Cell  Types 

Activation  of  expression  showed  a  high  level  of  spec¬ 
ificity  for  prostate  cells  (Fig.  4A).  Greatest  activation 
was  seen  in  LNCaP  cells  that  express  PSMA  (>250- 
fold),  while  a  significantly  lower  level  of  activation. 


8.5-fold,  was  seen  in  LAPC-4  cells  (Klein  et  al.,  1997) 
that  express  low  levels  of  PSMA.  Similar  low-level 
activation,  3.7-  and  5.2-fold  by  En3  and  En4,  respec¬ 
tively,  was  seen  in  the  PC-3  prostate  cell  line  in  which 
PSMA  expression  can  be  detected  only  by  reverse  tran- 
scription-PCR  (O’Keefe  et  al.,  1998;  and  unpublished 
data).  In  another  prostate  cell  line,  DU145,  in  which  no 
PSMA  expression  can  be  detected,  no  enhancer  func¬ 
tion,  and  indeed  a  level  of  suppression,  was  seen.  The 
331-bp  core  enhancer  performed  similarly  to  En3  and 
En4  in  the  cell  lines  in  which  it  was  tested.  The  same 
high  level  of  activation  was  observed  in  LNCaP  cells, 
and  a  low  but  significant  level  of  activation  was  main¬ 
tained  by  the  shortened  enhancer  in  PC3  cells.  In  ad¬ 
dition,  the  suppression  of  expression  seen  in  DU145 
cells  with  En3  and  En4  was  also  observed  with  the 
331-bp  core  enhancer. 

When  tested  in  a  number  of  nonprostate  cell  lines,  no 
enhancer  function  was  evident  for  either  En3  or  En4 
(Fig.  4B).  Lines  tested  included  MCF-7,  a  breast  cancer 
line,  HepG2  hepatocarcinoma,  BL13  bladder  carci¬ 
noma,  human  embryonic  kidney  HEK293  cells,  and 
MRC-5,  a  primary  lung  fibroblast  line.  For  HEK293, 
MCF-7,  and  BL13  cells,  a  significant  basal  level  of 
expression  of  the  PSMlk  promoter  was  observed  but 
this  was  not  increased  by  either  En3  or  En4;  in  fact, 
small  decreases  in  expression  were  observed.  No  ex¬ 
pression  above  background  was  seen  in  MRC-5  and 
HepG2  cells.  Likewise,  the  full  enhancer  region  (En3  + 
4)  that  shows  higher  activity  than  En3  or  En4  alone  in 
LNCaP  cells  is  completely  inactive  in  MRC-5,  BL13, 
MCF-7,  and  HEK293  cells  (data  not  shown).  Enhancer 
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A  Prostate  Lines  B  Non-prostate  lines 

FIG.  4.  Enhancer  function  in  different  cell  types.  Activities  of  different  constructs  containing  the  PSMlk  promoter  in  the  presence  or  in 
the  absence  of  enhancer  sequences  were  determined  following  transfection  into  the  cell  lines.  Activities  are  normalized  with  respect  to  the 
cotransfected  RSV-CAT  gene  expression.  Expression  in  prostate  and  nonprostate  cell  lines  is  shown  in  A  and  B,  respectively.  Transfections 
of  constructs  were  performed  in  duplicate  in  one  to  three  experiments  for  each  cell  line;  lines  indicate  standard  errors.  The  asterisk  indicates 
not  done. 


activity  of  the  331-bp  region  was  tested  in  the  five 
nonprostate  cell  lines.  The  profile  of  expression  shown 
by  the  331-bp  enhancer  was  the  same  as  that  shown  by 
En3  and  En4  in  these  cell  lines,  demonstrating  that 
cell-type  specificity  is  maintained  by  the  smallest  re¬ 
gion  encompassing  the  core  enhancer.  The  control 
RSV-GL3  plasmid  was  active  in  all  cell  lines. 

PSMA  Enhancer  Activity  on  Heterologous  Promoters 

The  properties  of  the  enhancer  (PSME)  were  further 
assessed  by  linking  En4  sequences  to  other  promoters, 
both  those  from  genes  active  primarily  in  prostate 
cells,  PSA,  and  probasin  and  from  a  non-tissue-specific 
promoter,  that  of  the  herpesvirus  thymidine  kinase 
gene  (TK).  The  different  PSME/promoter  combinations 
directed  expression  of  the  CAT  reporter  gene  contained 
in  a  plasmid,  pCATSAT,  that  also  contains  a  second 
reporter  gene  (SAT)  under  the  control  of  the  RSV  pro¬ 
moter  as  an  internal  standard.  pCATSAT  plasmids 


containing  each  promoter  alone  or  in  combination  with 
En4  were  transfected  into  a  number  of  cell  lines,  and 
reporter  gene  expression  was  assayed.  After  transfec¬ 
tion,  cells  were  maintained  in  androgen-depleted  me¬ 
dium  prior  to  cell  harvesting  (hence  the  low-level  ex¬ 
pression  from  the  probasin  promoter  in  LNCaP  cells). 
Normalized  expression  levels  are  presented  in  Table  1. 

In  LNCaP  cells,  strong  enhancement  of  the  PSA, 
probasin,  and  TK  promoters  was  seen  (Table  1).  The 
ratios  of  expression  in  the  presence  and  in  the  absence 
of  the  enhancer  were  of  the  same  order  (56-  to  250-fold) 
as  seen  with  the  homologous  PSMlk  promoter  (Fig.  2), 
but  expression  levels  were  at  least  10-fold  higher,  re¬ 
flecting  the  greater  basal  activity  of  these  promoters  in 
LNCaP  cells.  Expression  from  all  three  PSME/pro¬ 
moter  combinations  was  significantly  greater  than  that 
from  the  strong  RSV  promoter.  In  PC3  prostate  cells, 
which  express  minimal  levels  of  PSMA,  a  much  lower 
level  of  enhancement  was  seen,  being  5-  to  16-fold  for 


TABLE  1 


Activation  of  Heterologous  Promoters  by  PSM  En4  Sequences 


LNCap 

PC-3 

MRC-5 

HEK293 

HepG2 

BL13 

Probasin 

PSMEn4/Probasin 

1.1  ±  1.3 

273  ±  120 

3.63  ±  0.82 

28.6  ±  1.64 

0  — 

0.05  ±  0.07 

1.6  ±  0.18 

14.9  ±  1.7 

0.06  ±  0.06 

0.06  ±  0.03 

0.62  ±  0.25 
0.92  ±  0.19 

PSA 

PSMEn4/PSA 

2.9  ±  1.0 

163  ±  48 

0.85  ±  0.23 

9.58  ±  2.47 

0.04  ±  0.02 

0.09  ±  0.04 

0.43  ±  0.29 

0.65  ±  0.32 

1.35  ±  0.81 

1.1  ±  0.48 

0.61  ±  0.25 
2.0  ±  1.0 

TK 

PSMEn4/TK 

3.54  ±  0.7 

325  ±  57 

20.0  ±  5.6 

88.8  ±  44.6 

8.44  ±  1.2 

5.53  ±  1.5 

26.5  ±  10.1 

16.1  ±  1.0 

35.1  ±  11.1 

12.3  ±  7.5 

97  ±  4.7 
53  ±  0.95 

RSV 

109  ±  10.1 

274  ±  149 

291  ±  49 

263  ±  52 

300  ±  101 

241  ±  13 

Note.  The  different  promoter  and  enhancer  combinations  in  the  pCATSAT  vector,  as  indicated  in  the  left-most  column,  were  transfected 
into  cell  lines  as  shown,  and  promoter  activities  were  determined.  CAT  expression  is  normalized  with  respect  to  expression  of  the  internal 
control  SAT  gene  under  the  control  of  the  RSV  promoter.  Results  represent  averages  of  at  least  two  experiments;  standard  errors  are  shown. 
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FIG.  5.  Androgen  repression  of  PSME  activity.  (A)  The  promoter/ 
enhancer  regions  contained  in  the  plasmids  pPSMlk-GL3, 
pEn3+4PSMlk-GL3,  and  pEnbl68PSMlk-GL3  are  shown.  En¬ 
hancer  sequences  encompass  bases  14,045  to  16,575  (En3  +  4)  or 
bases  14,760  to  14,928  (Enbl68)  of  the  FOLH1  gene.  Arrow  and  Luc 
indicate  the  direction  of  luciferase  transcription.  (B)  The  plasmids 
were  cotransfected  with  pRSVCAT  into  LNCaP  cells.  Cells  were 
maintained  in  medium  with  charcoal-stripped  serum  and  the  indi¬ 
cated  levels  of  R1881  for  48  h  prior  to  cell  harvesting  and  reporter 
gene  assays.  Normalized  expression  is  shown  for  all  plasmids;  sep¬ 
arate  scales  for  the  promoter  alone  (right  side;  O)  and  promoter  plus 
PSME  (En3+4  left  side,  outer,  •;  Enbl68,  left  side,  inner,  ®)  allow 
for  direct  comparison  of  the  effects  of  R1881. 


the  different  promoters.  This  is  similar  to  the  results 
seen  in  PC-3  cells  when  the  PSME  was  joined  with  its 
own  FOLH1  promoter. 

For  the  nonprostate  cell  lines,  HepG2  (liver),  BL13 
(bladder),  HEK293  (embryonic  kidney),  and  MRC-5 
(lung  fibroblasts),  no  or  little  enhancement  of  expres¬ 
sion  from  any  of  the  promoters  was  seen  in  almost  all 
cases.  However,  enhancement  of  probasin  promoter 
activity  by  nearly  10-fold  was  seen  in  embryonic  kidney 
HEK293  cells.  This  finding  was  reproduced  in  two  in¬ 
dependent  experiments.  No  enhancement  of  the  PSA  or 
TK  promoters  by  En4  (Table  1)  or  of  its  homologous 
PSMlk  promoter  (Fig.  3)  was  seen  in  HEK293  cells. 

Effect  of  Androgen  on  PSME  Activity 

The  responsiveness  to  androgen  of  the  PSME  cou¬ 
pled  to  the  PSMlk  promoter  and  of  the  PSMlk  pro¬ 
moter  alone  was  examined  following  transfection  into 
LNCaP  cells  (Fig.  5).  A  modest  reduction  (about  20%) 
in  normalized  activity  was  seen  for  the  promoter  alone 
with  increasing  levels  of  the  synthetic,  nonmetaboliz- 
able  androgen  analogue,  R1881.  A  much  greater  con¬ 
centration-dependent  reduction  in  normalized  lucif¬ 
erase  expression  directed  by  constructs  containing  the 
full  enhancer  (pEn3+4PSMlk-GL3;  Fig.  5)  or  its 
331-bp  core  region  (not  shown)  was  seen.  Further,  a 


similar  proportionate  decrease  in  activity  was  seen 
when  expression  was  directed  by  the  partially  active 
168-bp  left  end  of  the  PSME  (pEnbl68PSMlk-GL3; 
Fig.  5).  In  different  experiments,  we  have  found  expres¬ 
sion  directed  by  the  PSME  to  be  3.3-  to  6.7-fold  reduced 
in  the  presence  of  0.1  or  1  nM  R1881.  The  data  indi¬ 
cated  that  the  nucleotide  sequences  conferring  tran¬ 
scriptional  repression  by  androgen  are  located  within 
the  left  168  bp  of  the  PSME  core  region. 

The  effect  of  androgen  on  expression  when  the  PSME 
(En4)  was  linked  to  either  the  probasin  or  the  TK 
promoter  was  also  evaluated.  In  LNCaP  (Fig.  6A)  cells, 
a  strong  suppression  of  expression  from  the  PSME/TK 
promoter  (>10-fold)  was  seen  in  the  presence  of  0.3  nM 
R1881.  Expression  from  the  probasin  promoter  alone 
was  strongly  stimulated  in  response  to  androgen.  How¬ 
ever,  in  the  presence  of  the  PSME,  androgen  no  longer 
activated  expression,  and  there  was  actually  a  slight 
decrease. 

Since  the  androgen  receptor  in  LNCaP  cells  is  mu¬ 
tated,  we  further  examined  androgen  responsiveness 
in  the  presence  of  wildtype  androgen  receptor.  The 
androgen  receptor  was  cotransfected  along  with  re¬ 
porter  plasmids  into  the  PC-3  cell  line,  which  does  not 
express  androgen  receptor  and  in  which  the  PSME  is 
partially  active  (Fig.  6B).  This  lower  level  of  up-regu¬ 
lation  of  the  TK  promoter  by  the  PSME  in  PC-3  cells 
was  completely  lost  in  the  presence  of  androgen,  and, 
as  in  LNCaP  cells,  expression  from  the  probasin  pro- 
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FIG.  6.  Effect  of  androgen  on  enhancement  of  heterologous  pro¬ 
moters.  Reporter  plasmids  were  transfected  into  either  LNCaP  or 
PC-3  cells,  and  expression  of  reporter  genes  was  assayed  after  48  h 
of  incubation  in  androgen-depleted  medium  either  in  the  absence  (-) 
or  in  the  presence  (+)  of  0.3  nM  R1881.  For  PC-3  cells,  a  plasmid 
expressing  the  AR  was  also  cotransfected.  Normalized  expression 
levels  for  LNCaP  cells  are  shown  on  the  left  axis  and  for  PC-3  cells 
on  the  right  axis. 


moter  was  no  longer  androgen  induced  when  it  is 
linked  to  the  PSME. 

DISCUSSION 

Previous  analysis  of  the  region  upstream  and  encom¬ 
passing  the  transcription  start  site  of  the  FOLH1  gene 
(O’Keefe  et  al.,  1998)  has  shown  that  a  1-kb  region 
directs  expression  of  reporter  genes  in  the  prostate  cell 
line  LNCaP.  This  expression  showed  specificity  for 
prostate  cells  when  compared  to  that  directed  by  the 
SV40  enhancer/promoter,  with  expression  in  LNCaP 
cells  being  about  75%  of  that  directed  by  the  SV40 
enhancer/promoter.  However,  comparison  with  an¬ 
other  widely  expressed  promoter,  RSV,  has  indicated 
that  the  SV40  enhancer/promoter  is  only  very  weakly 
active  in  LNCaP  cells  (unpublished  data).  When  com¬ 
pared  with  the  RSV  promoter/enhancer,  the  proximal 
promoter  region  shows  little  specificity  (Fig.  4).  Its 
level  of  activity  is  unrelated  to  PSMA  expression  levels 
in  different  prostate  cell  lines,  and  while  the  promoter 
is  completely  inactive  in  liver  and  lung  fibroblast  cells, 
it  is  active  in  three  cell  lines  of  epithelial  origin  (breast, 
bladder,  and  kidney).  Good  et  al.  (1999)  have  also  re¬ 
ported  that  the  promoter  is  active  in  two  nonprostate 
lines  that  they  tested.  In  addition  to  the  proximal  1-kb 
promoter  region  and  the  2-kb  region  studied  by  Good  et 
al.  (1999),  we  have  cloned  regions  encompassing  up  to 
11  kb  of  sequences  5'  to  the  FOLH1  transcription  start 
site  and  tested  their  ability  to  provide  increased  re¬ 
porter  gene  expression;  no  increased  activity  was  seen 
relative  to  the  1-kb  promoter  region  (unpublished 
data). 

To  identify  regions  that  might  be  important  in  the 
control  of  FOLH1  gene  expression,  we  have  applied  an 
enhancer  trap  approach  that  has  allowed  us  to  clone 
and  identify  an  enhancer  located  within  the  third  in- 
tron  of  the  FOLH1  gene  about  13  kb  downstream  of  the 
start  sites  of  transcription.  Use  of  the  GFP  reporter 
gene  in  the  trap  vector  provides  for  rapid  screening  of 
clones  and  can  be  readily  adapted  for  fluorescence- 
based  cell  sorting  and  plasmid  recovery  for  larger  li¬ 
braries.  The  library  of  fragments  screened  was  derived 
from  a  PI  cosmid  that  covered  the  first  six  exons  of  the 
FOLH1  gene  (about  25  kb)  and  approximately  30  kb  of 
5'  flanking  sequences.  That  the  three  highest-express¬ 
ing  clones  identified  from  the  screen  were  all  derived 
from  the  same  region  suggests  that  this  region  con¬ 
tains  the  major  regulatory  elements  responsible  for 
directing  prostate  expression  of  the  FOLH1  gene.  The 
PSME  increases  basal  expression  of  the  FOLH1  prox¬ 
imal  promoter  by  more  than  250-fold  in  LNCaP  pros¬ 
tate  cancer  cells.  The  cloned  region  encompasses  about 
2.7  kb  of  the  7.5-kb  intron  3,  with  a  sequence  of  about 
1  kb  shared  in  common  between  En3  and  En4  (En3/4a 
or  En3/4b).  The  higher  level  of  expression  directed  by 
the  2.5-kb  region  that  includes  all  En3  and  En4  se¬ 
quences  suggests,  however,  that  interactions  of  regions 
outside  the  overlapping  sequences  contribute  to  maxi¬ 


mal  expression.  Analysis  of  a  DNA  fragment  encom¬ 
passing  all  of  intron  3  indicates  that  there  are  no 
further  enhancing  functions  in  this  region.  It  remains 
possible  that  there  may  be  other  regions  within  or 
around  the  FOLH1  gene  contributing  to  its  expression 
in  the  prostate  or  in  other  cell  types. 

The  PSME  is  active  in  either  orientation  relative  to 
the  proximal  promoter.  En3  and  En4  sequences  were 
initially  cloned  and  identified  in  the  pPSMentrap  vec¬ 
tor  in  opposite  orientations  and  subsequently  assayed 
in  these  opposite  orientations  in  the  pGL3  vector.  The 
core  1-kb  region  was  also  active  in  either  orientation. 
O’Keefe  et  al.  (2000)  used  the  PSME  to  direct  expres¬ 
sion  of  the  cytosine  deaminase  gene  in  an  approach  to 
gene  therapy  for  prostate  cancer.  Here  the  enhancer 
was  shown  to  also  be  active  in  both  orientations  when 
positioned  at  the  3'  end  of  the  expression  cassette 
rather  than  upstream  of  the  promoter.  In  this  case,  as 
also  evident  in  the  data  of  Fig.  2,  reverse-orientation 
constructs  showed  higher  activity. 

Within  the  1-kb  region  of  overlap  between  En3  and 
En4  sequences,  a  series  of  deletion  constructs  further 
defined  a  331-bp  core  sequence  that  contained  all  its 
enhancer  activity.  The  sequence  and  features  of  the 
PSME  331-bp  core  are  shown  in  Fig.  7.  Overlapping 
the  Smal  site  that  marks  the  right  end  of  the  enhancer 
is  an  Alu  repeat  element.  About  90  bp  consisting  of  the 
3'  end  of  the  Alu  repeat  and  remnant  poly(A)  tail  lie 
within  the  331-bp  enhancer  core.  Positioned  centrally 
within  the  fragment  is  a  72-bp  direct  repeat  that  over¬ 
laps  tail  to  head  by  10  nucleotides,  with  the  sequence  of 
the  two  repeats  differing  at  9  positions  (Fig.  7).  Located 
15  nucleotides  from  the  start  of  the  second  repeat  is  the 
Ndel  restriction  site  used  to  generate  the  168-bp  dele¬ 
tion  mutant  (pEnbl68PSMlk-GL3).  This  168-bp  left 
end  of  the  enhancer  core  shows  partial  but  significant 
activity  by  itself,  and  its  deletion  from  the  1-kb  en¬ 
hancer  region  completely  eliminates  activity.  This  es¬ 
sential  enhancer  region  contains  the  full  first  72-bp 
repeat. 

A  number  of  potential  binding  sites  for  known  tran¬ 
scription  factors  were  identified  using  Matlnspector 
(www.gsf.de/BIODV/matinspector.html)  and  Signal- 
scan  (bimas.dcrt.nih.gov/molbio/signaP)  software  and 
databases.  Only  sites  that  showed  essential  identity  to 
consensus  sequences  or  corresponded  to  well-estab¬ 
lished  binding  sites  are  shown  in  Fig.  7.  Within  the 
72-bp  repeat  sequences  are  a  number  of  potential  bind¬ 
ing  sites  for  members  of  the  SOX/SRY  gene  family. 
Proteins  of  these  families  are  involved  in  a  number  of 
developmental  pathways,  including  testis  determina¬ 
tion  (Wegner,  1999),  and  SRY  transcripts  have  been 
reported  to  be  present  in  prostate  cells  (Tricoli  et  al., 
1993).  They  are  thus  candidates  for  a  role  in  develop¬ 
mental  control  of  FOLH1  gene  expression.  Good  can¬ 
didate  sequences  for  the  binding  of  ATF/CREB  and 
CEBP  are  found  within  the  first  repeat  and  for  GATA- 
1/3  and  CEBP  within  the  second  repeat.  Outside  the 
repeat  region,  binding  sites  for  API,  AP3,  a  further 


PSM  GENE  C FOLH1 )  ENHANCER 


251 


14760  aattattttttcctttaacctttcaaac  14787 


14788  tcaaggaaaaccagttggccttgactctgtttgtggaaaattttaaactactggtttaattt  14849 

API  AP3 


14850 


14912 


Ictttattggttgtaatatgactattttacgtcatataacaatttttattgtttgttaaatgal 

rpt1  CEBP  ATF/CREB  SOX  SOXM  SOX  (-) 

Nde  I  _ _ _ 

ct  t  t  at  t  gt  tit  gtlcat  at~gkt  aat  1 1  t  at  gt  cat  agaacaat  1 1 1  t  at  t  get  t  gat  at  at  ga 


14911 


14973 


rpt  2  SOX(-)  GATA-1/3 


ARE  1/2 -site  SOX  CEBP 


14974  |ctttattgtt|atatggctatacaactagatttttttgttgtttttgaccgagtcttactctg  15035 

SOX  {-)  SRY  (-)  Alu 

Sma  I 

15036  tcacccaggctggagtgtaatggcatggtctcagctcactgcaacctccgcctcccggg  15097 


FIG.  7.  Sequence  analysis  of  the  331-bp  enhancer  core.  The  PSME  core  extends  from  the  left  end  of  En4  331  bp  to  the  Smal  restriction 
site  and  is  characterized  by  a  72-bp  direct  repeat.  The  individual  repeats  are  highlighted  by  overlapping  gray  boxes,  and  the  nine  nucleotide 
differences  between  the  first  and  the  second  repeats  are  indicated  in  boldface  type.  Fifteen  nucleotides  into  the  second  repeat  is  the  Ndel  site 
used  to  separate  the  two  repeat  units.  Underlined  are  putative  transcription  factor  binding  sites  identified  by  the  Matlnspector  and 
Signalscan  software  packages  with  matrix  similarity  scores  of  at  least  0.9.  The  arrowed  line  shows  the  position  of  the  partial  Alu  repeat  that 
continues  beyond  the  Smal  restriction  site  of  En4.  rpt  1,  repeat  1;  rpt  2,  repeat  2. 


potential  SRY  site,  and  a  consensus  androgen  receptor 
element  (ARE)  half-site  were  identified. 

Cell  Type  Specificity  of  the  PSME 

Among  the  prostate  cancer  cell  lines  that  we  have 
examined,  LNCaP  cells  are  the  only  ones  that  maintain 
good  expression  of  the  endogenous  FOLH1  gene,  and 
they  support  the  highest  level  of  PSME  activity  (from 
En3,  En4,  or  331-bp  core  sequences).  LAPC-4  cells  that 
express  low  levels  of  PSMA  (unpublished  data)  show 
an  intermediate  level  of  enhancer  activity  (about  15- 
fold  induction  of  the  FOLH1  promoter).  PC-3  cells  ex¬ 
press  minimal  levels  of  PSMA  mRNA  and  the  PSME 
also  showed  an  intermediate  capacity  to  enhance  ex¬ 
pression  in  PC-3  cells,  between  about  4-  and  17-fold  in 
different  promoter  combinations.  DU145  cells  show  no 
detectable  endogenous  PSMA  mRNA,  and  the  PSME  is 
completely  inactive.  Thus  the  enhancer  activity  reflects 
the  pattern  of  expression  of  the  endogenous  FOLH1 
gene.  It  appears  that  LAPC-4  and  PC-3  cells  contain 
some  factors  that  can  interact  with  the  PSME  to  acti¬ 
vate  transcription,  but  lack  others,  or  do  not  have 
sufficient  levels,  to  enable  full  enhancer  function  as  is 
seen  in  LNCaP  cells.  DU145  cells  must  lack  a  factor  or 
factors  essential  for  enhancer  function.  The  different 
prostate  cell  lines  should  prove  useful  in  dissecting 
sequence  elements  contributing  to  enhancer  function 
and  for  identifying  proteins  that  interact  with  them. 

Activity  of  the  PSME  is  highly  specific  for  prostate 
cells,  and  no  activation  of  basal  promoter  activity  was 
seen  in  any  nonprostate  cell  line  using  En3,  En4,  or 
331-bp  core  sequences.  When  coupled  to  other  promot¬ 
ers,  the  PSME  (En4  sequences)  retains  its  activity  and 
its  high  specificity  for  prostate  cells.  The  herpes  virus 
TK  promoter  is  expressed  in  a  range  of  cell  types, 
though  in  many  cases  not  strongly.  The  PSME  highly 
up-regulates  the  TK  promoter  in  LNCaP  cells  while  it 


has  no  enhancing  effect  and  actually  decreases  expres¬ 
sion  in  the  four  nonprostate  cell  types  assayed.  As  is 
common  with  other  enhancers,  the  PSME  may  harbor 
repressor  elements  that  act  in  nonexpressing  cell 
types.  It  is  noteworthy  that  the  PSME  strongly  en¬ 
hances  expression  from  the  promoters  of  two  other 
prostate-specific  genes,  PSA  and  probasin,  again  main¬ 
taining  a  high  level  of  cell  specificity.  The  PSME/Pb 
and  PSME/PSA  combinations  are  highly  active  in  LN¬ 
CaP  cells,  being  about  two-  to  threefold  stronger  than 
the  highly  active  RSV  promoter.  The  only  significant 
activity  of  the  PSME  in  nonprostate  cells  is  its  activa¬ 
tion  of  the  probasin  promoter  in  HEK293  cells.  The 
partial  enhancement  of  the  probasin  promoter  by  the 
PSME  in  this  embryonic  kidney  cell  line  may  be  bio¬ 
logically  relevant  as  PSMA  expression  is  seen  in  some 
kidney  proximal  tubule  cells  (Silver  et  al.,  1997).  PSME 
function  in  HEK293  cells  was  not  observed,  however, 
with  either  the  FOLH1  promoter  or  the  other  two  het¬ 
erologous  promoters,  PSA  and  TK. 

Androgen  Repression 

Previous  data  indicate  that  expression  of  the  endog¬ 
enous  FOLH1  gene  is  repressed  by  androgens  (Israeli 
et  al.,  1994;  Wright  et  al.,  1996).  As  reported  by  Good  et 
al.  (1999),  we  found  little  effect  of  androgen  on  expres¬ 
sion  directed  by  the  proximal  1-kb  promoter  region. 
However,  expression  directed  by  the  PSME  when 
linked  to  either  the  FOLH1  or  the  TK  promoter  was 
found  to  be  repressed  in  the  presence  of  androgen.  The 
PSME  thus  not  only  contains  sequences  responsible  for 
prostate  cell-specific  enhancement  of  transcription  but 
includes  regulatory  sequences  that  are  responsible  for 
repression  of  PSMA  expression  by  androgens.  Further, 
this  property  was  conferred  by  the  partially  active 
168-bp  left-hand  end  of  the  PSME  core  region.  In  other 
systems,  transcriptional  repression  by  androgen  has 
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been  found  to  occur  either  through  AREs  similar  to 
those  involved  in  gene  activation  (Song  et  al.,  1998)  or 
through  indirect  means  that  do  not  involve  typical 
AREs  (Cairns  et  al.,  1993).  There  is  no  full  binding  site 
for  the  androgen  receptor  (AR),  within  either  the 
PSME  or  the  FOLH1  promoter  region,  such  as  are 
present  in  the  PSA  promoter  and  enhancer  (Cleutjens 
et  al.,  1996, 1997)  and  the  probasin  promoter  (Rennie  et 
al.,  1993).  There  is  a  good  match  to  an  ARE  half-site 
(Fig.  7),  but  this  is  in  the  right  half  of  the  PSME  core. 
At  least  in  some  cases,  indirect  repression  (or  suppres¬ 
sion  of  androgen-mediated  activation)  still  involves  the 
AR  (Kallio  et  al.,  1995)  but  appears  to  occur  through 
competition  with  other  regulatory  proteins  such  as 
API  and  CREB  (Heckert  et  al.,  1997;  Burgos-Trinidad 
et  al.,  1997;  Murtha  et  al.,  1997;  Sato  et  al.,  1997),  with 
CREB  binding  protein  a  likely  key  mediator  (Aarnisalo 
et  al.,  1998;  Fronsdal  et  al.,  1998);  such  regulation  may 
or  may  not  require  DNA  binding  by  AR.  Within  the 
168-bp  region  of  the  PSME  shown  to  maintain  andro¬ 
gen  responsiveness,  there  are  sequences  with  good 
matches  to  both  API  and  CREB  sites  (Fig.  7).  We  are 
currently  attempting  to  define  the  role  of  these  sites 
and  to  characterize  the  mechanism  of  responsiveness 
to  androgen. 

Comparison  with  Other  Prostate  Enhancers 

Like  the  PSME,  the  previously  described  enhancer  of 
the  PSA  gene  (Schuur  et  al.,  1996;  Cleutjens  et  al., 
1997)  and  that  of  the  closely  related  kallikrein  2  gene 
(Yu  et  al.,  1999)  are  highly  active  in  LNCaP  cells  and 
show  no  activity  or  repress  basal  promoter  activity  in  a 
number  of  nonprostate  cell  lines.  The  PSE  contrasts 
with  the  PSME  in  that  it  shows  a  very  strong  depen¬ 
dence  on  androgen  for  activity  in  LNCaP  cells  (Schuur 
et  al.,  1996).  The  level  of  expression  from  the  PSME/ 
PSMlk  promoter  is  similar  to  that  from  the  PSE/PSA 
promoter  in  LNCaP  cells,  but  when  combined  with 
either  the  probasin  or  the  PSA  promoters,  the  PSME 
gives  much  higher  levels  of  expression.  While  the 
PSME  shows  partial  activity,  the  PSE  is  not  active  in 
PC-3  cells  (which  display  features  of  very  advanced 
prostate  cancer)  nor  is  activity  restored  by  cotransfec¬ 
tion  of  an  AR-expressing  plasmid  (Brookes  et  al.,  1998). 
This  suggests  that  the  factor(s)  present  in  PC-3  cells 
that  leads  to  partial  activation  of  the  PSME  cannot 
similarly  activate  the  PSE  even  in  the  presence  of 
androgen  and  AR.  Further  dissection  of  both  enhancer 
regions  will  be  necessary  to  ascertain  whether  any  of 
the  factors  responsible  for  the  prostate-specific  expres¬ 
sion  directed  by  PSE  and  PSME  are  the  same. 

Dissection  of  the  regulatory  elements  of  the  PSME 
will  help  to  separate  the  mechanisms  responsible  for 
prostate-specificity  and  developmental  control  of  ex¬ 
pression  from  those  involved  in  androgen  regulation. 
Tissue-specific  gene  regulatory  sequences  have  impor¬ 
tant  potential  application  in  gene  therapy  approaches 
to  disease  treatment  as  they  enable  the  expression  of 


introduced  genes  to  be  limited  to  target  cells,  minimiz¬ 
ing  side  effects  due  to  expression  at  other  sites.  This  is 
of  particular  importance  in  targeting  of  cell-killing  sys¬ 
tems  in  cancer  treatment  (O’Keefe  et  al.,  2000).  The 
high  level  of  promoter  activation  and  cell-type  specific¬ 
ity  displayed  by  the  PSME  make  it  a  very  promising 
regulatory  sequence  for  use  with  its  own  or  heterolo¬ 
gous  promoters  for  targeting  expression  of  therapeutic 
genes  for  the  treatment  of  both  androgen-dependent 
and  -independent  prostate  cancer  or  other  prostatic 
diseases. 
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REPLY  TO 
ATTENTION  OF 


DEPARTMENT  OF  THE  ARMY 
US  ARMY  MEDICAL  RESEARCH  AND  MATERIEL  COMMAND 
504  SCOTT  STREET 
FORT  DETRICK,  MD  21702-5012 


MCMR-RMI-S  (70-ly) 


15  May  03 


MEMORANDUM  FOR  Administrator,  Defense  Technical  Information 
Center  (DTIC-OCA) ,  8725  John  J.  Kingman  Road,  Fort  Belvoir, 
VA  22060-6218 

SUBJECT:  Request  Change  in  Distribution  Statement 


1.  The  U.S.  Army  Medical  Research  and  Materiel  Command  has 
reexamined  the  need  for  the  limitation  assigned  to  technical 
reports  written  for  this  Command.  Request  the  limited 
distribution  statement  for  the  enclosed  accession  numbers  be 
changed  to  "Approved  for  public  release;  distribution  unlimited. 
These  reports  should  be  released  to  the  National  Technical 
Information  Service. 

2.  Point  of  contact  for  this  request  is  Ms.  Kristin  Morrow  at 
DSN  343-7327  or  by  e-mail  at  Kristin.Morrow@det.amedd.army.mil. 

FOR  THE  COMMANDER: 


■J&r 


PHYLlNs  M.  RINEHART 
Deputy  Chief  of  Staff  for 
Information  Management 
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